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Division  of  United  Technologies  Corporation  under  Contract  DAAJ02-76-C- 
0003  for  the  Eustis  Directorate,  U.S.  Army  Air  Mobility  Research  and 
Development  Laboratory,  Fort  Eustis,  Virginia.  The  work  was  carried  out 
under  the  technical  cognizance  of  Mr.  Donald  Merkley  of  the  Eustis  Direc- 
torate, USAAMRDL.  The  program  was  conducted  under  the  management  of 
Sikorsky  Aeromechanics  Branch  Manager  Mr.  Peter  Arcidiacono  and  Aero- 
mechanics Chief  of  Dynamics  Mr.  William  Kuczynski.  Aeromechanics  person- 
nel involved  directly  in  the  program  were  Mr.  Robert  Blackwell,  Mr. 

Robert  Moffitt,  Mr.  Robert  Studwell,  and  Mr.  Lawrence  Levine. 


TABLE  OF  CONTENTS 


Page 

PREFACE  

LIST  OF  ILLUSTRATIONS 6 

INTRODUCTION  II 

DEFINITION  OF  REFERENCE  ROTOR  ATTRIBUTES  13 

DETERMINATION  OF  IDEAL  ROTOR  ELASTIC  TWISTING  16 

EXAMINATION  OF  ROTOR  ELASTIC  TWIST  TEST  DATA  31 

Examination  of  Model  Rotor  Elastic  Twist  Data  21 

Examination  of  CH-53D  Swept  Tip  Flight  Test  Data  24 

EVALUATION  OF  COMPLIANT  ROTOR  DESIGN  PARAMETERS  27 

Torsional  Stiffness  28 

Camber  29 

Tip  Sweep  31 

Chordwise  Location  of  Blade  Elastic  Axis  and  Aerodynamic 
Center  33 

SELECTION  OF  OPTIMAL  COMPLIANT  ROTOR  DESIGNS  35 

CONCLUSIONS  38 

RECOMMENDATIONS  40 

REFERENCES  41 

APPENDIX  A - ANALYTIC  METHODS  109 

LIST  OF  SYMBOLS  113 


PRECEDING  PAGE  BLANK-NOT  FILMED 


LIST  OF  1 I I. D STRATTONS 


._No. 

1..1 1 n:  1 at  ion  of  Reference  Kotor  Stall  Boundaries 

, , s i Idup  of  Kef  e react*  Rotor  Power  and  Flatwise  Stress  With 
Advance  Ratio  and  Lift  Coefficient  


Paj-e 

43 


1 


4 


h 


Q 


10 

11 

12 

I J 
14 


Buildup  of  Reference  Kotor  IP  Rotating  Vertical  Huh  Shear 
and  1’ushrod  Loads  with  Advance  Ratio  and  Lift  Coefficient 

St..  1 Boundaries  of  the  Reference  Kotor  

Perceived  Noise  Levels  of  the  Reference  Rotor  for  250-ft 

1 ! * md  t ; 0 • 085  

ur<  1 M« tit  oi  Reference  Rotor  

a.ic  of  Attack  Distribution  of  Ideal  Rotors  at  p = 0.4  . 

Mn  inmm  L/Qp  Rotor  Iteration  Process  

equivalent  Lift-to-Drag  Ratios  of  Reference  and  Ideal 
otors  

md  Idea  1 Rot ot  Stall  Boundat les  

.eduction  of  Profile  Drag  Torque  With  Maximum  L/Qp 
ot  or  

Comparison  of  Reference  and  Maximum  L/Qp  Kotor  Twist 

tt  tut  ions  at  - 0.  1 and  Cl/o  - 0. 10  (Uniform  Inflow) 

ite  Use  ot  Compliant  Rotor  Surface  Plots  

comparison  of  Reference  and  Maximum  L/Qp  RoLor  Angle  of 
Att  ack  Distr  ibutions  at  p = 0.  3 and  Cp/o  = 0.10  (Uniform 
Inflow  


45 

4b 

47 

48 

49 

50 

51 

52 

53 

54 

55 

56 


Comparison  of  Reference  and  Maximum  L/Qp  Rotor  Airload 
Distributions  at  p = 0.3  and  C p/a  = 0.10  (Uniform 
In  f 1 ow ) 

16  Comparison  of  Reference  and  Maximum  L/Qp  Rotor  Profile 
Drag  Torque  Distributions  at  h = 0.3  and  Cp/o  = 0.10 
; I it  i f orm  In  1 low)  


6 


LIST  OF  1 1, M S I KA  l i C'iVS 
(cont inued) 


Fig.  No . 

17  Twist  Required  to  Maximize  l./Qp  at  p = 0.  i and  C p/<J 

0.10  (Variable  Inflow)  

IS  Comparison  of  Reference  and  Maximum  l./Qp  Rotor  Angle  ol 

Attack  Distributions  at  p = 0.3  and  Cp/o  = 0.10  (Variable 
Inflow)  

ID  Comparison  of  Reference  and  Maximum  l./Qp  Rotor  Airload 

Distributions  at  p = 0.3  and  Cp/o  = 0.10  (Variable 
Inflow  1 


20  Comparison  of  Reference  and  Maximum  L/Qp  Rotor  Profile 

Drag  Torque  Distributions  at  p = 0.3  and  Cp/e  - 0.  10 
(Variable  Inflow)  b2 

21  Variation  of  Ideal  Rotor  Twist  with  Advance  Ratio  and 

Lift  Coefficient  ’ 

22  Variation  of  Hover  Figure  of  Merit  with  equivalent 

Linear  Twist  Angle  at  Cq/o  = 0.10  64 

23  Variation  of  Model  Rotor  Elastic  Twist  Pith  Pift 

Coefficient  at  p = 0.3  11 J 


24  Model  Rotor  Performance  Data  at  p = 0.3  

25  Effect  of  IP  Pateral  Twisting  on  9-f t-diameter  Model 

Rotor  Performance  at  p = 0.3  

2b  Buildup  of  Vibratory  Blade  Root  Torsional  Moments  with 

Lift  Coefficient  at  p = 0.3  

27  Buildup  of  Fixed  System  Control  Loads  With  Lift 

Coefficient  at  p = 0.3  


28  Torsional  Deflection  and  Flatwise  Stress  of  Three  9- ft 

Diameter  Model  Rotors  at  p = 0.3  70 

29  The  Effect  of  H-53  Blade  Tip  Sweep  on  Pushrod  Load  Time 

Histories  at  130  knots  at  42,000  lb  Lift  71 

30  The  Effect  of  H-54  Blade  Tip  Sweep  on  Pushrod  Load  Time 

Histories  at  150  knots  and  42,000  lb  Lift  72 

31  The  Effect  of  Tip  Sweep  on  the  Buildup  of  H-54  Blade 

Flatwise  Stress  73 


i ig.  No.  Page 


i ig.  No.  Page 

Comparison  of  Measured  and  Predicted  Effects  of  Tip  Sweep 
on  I’ushrod  Load  Time  Histories  of  H- 54  Blade  at  150  Knots 
and  42,000  lb  Lift  74 

Comparison  of  Measured  and  Predicted  Effects  of  Tip  Sweep 
on  flatwise  Stress  Time  Histories  of  H-54  Blade  at  150 
Knots  and  42,000  lb  Lift  75 

Measured  and  Calculated  Buildup  ot  11-54  Blade  Pushrod  Loads 
and  Flatwise  Stress  at  42,000  lb  Lift  76 

Variation  of  Blade  Torsional  Response  Amplitude  iVi t h 
iorsional  Stiffness  at  a = 0.4  and  C^/o  = 0.085  77 

; i ct  of  Negative  Camber  on  the  Distribution  of 
Torsional  Response  at  p = 0.4  and  Cl/o  = 0.085  78 

ffect  of  Negative  Camber  on  the  Distribution  of  Angle  of 
attack  at  a = 0.4  and  C^/o  = 0.085  79 

38  Effect  of  Negative  Camber  on  the  Distribution  of  Airloads 

it  ii  - 0.4  and  C[/o  = 0.085  80 

19  Effect  of  Negative  Camber  on  the  Distribution  of  Blade 

torque  at  , = 0.4  and  Cl/cj  = 0.085  81 

Effect  of  Negative  Camber  on  Maximum  Flatwise  Stress  at 

= 0.4  and  CL/o  = 0.085  82 

41  Variation  of  Flatwise  Stress  and  Power  With  Pitching 

Moment  Coefficient  at  p = 0.4  and  Cp,/o  = 0.085  83 

42  Variation  of  Power  and  Flatwise  Stress  With  Built-In  Twist 

Angle  for  cm^  = +0.015  and  +0.03  84 

43  Variation  of  Power  and  Rotor  System  Loads  With  Sweep 

Angle  at  p = 0.4  and  C^/o  = 0.085  85 

►4  Variation  of  Power  and  Rotor  System  Loads  With  Spanwise 

Location  of  Sweep  at  p = 0.4  and  Cj  /o  = 0.085  86 

*>  Effect  of  Sweep  on  the  Distribution  of  Blade  Torque  at 

p = 0.4  and  C\Jo  = 0.085  87 

Reduction  ot  Advancing  Blade  Drag  Torque  With  Swept  Tip 
Compliant  Rotor  88 


8 


•«.h.  liH»>W»lWM*'* 


' . I : ’ i of  II.!  : A OX'S 


(continued) 

Fig-  No.  Page 

47  Aerodynamic  Pitching  Moment  of  Swept  Tip  Compliant  Rotoi 

at  U = 0.4  and  Cl /o  = 0.085  84 

48  Effect  of  Tip  Sweep  on  the  Distribution  oi  Blade 

Torsional  Response  at  u = 0.4  and  Cp/o  - 0.085  90 

49  Effect  of  Tip  Sweep  on  the  Distribution  of  Airloads  at 

U = 0.4  and  Cl/o  = 0.085  91 

>0  Reference  Rotor  Airload  lime  Histories  92 

41  Effect  of  Forward  Midspan  Aerodynamic  Center  on  Elastic 

Twist  at  p = 0.4  and  Cp/o  = 0.085  93 

52  El  feet  of  Forward  Midspan  Aerodynamic  Center  on  the 

Distribution  of  Airload  at  p - 0.4  and  Cl/1'  - 0.085  /4 

51  Variation  of  Required  Power  and  Flatwise  Stress  Kith  lip 

Sweep  and  Camber  at  p = 0.4  and  Cp/J  = 0.085  9 3 

54  Variation  of  Control  Loads  ulitli  Tip  Sweep  and  Camber  at 

p = 0.4  and  Cp/o  = 0.085  4b 

55  Variation  of  3P  Vertical  Hinge  Force  ,Vith  Tip  Sweep  and 

Camber  at  p=  0.4  and  Cp/o  = 0.085  97 

56  Penalty  Functions  Illustrating  the  Effects  of  Tip  Sweep 

and  Camber  98 

57  Compliant  Rotor  Designs  100 

58  The  Buildup  of  Power,  Stress,  Control  Loads,  and 

Vibratory  Shear  Force  for  Compliant  Rotor  Design  '1  and 
Reference  Rotor  Ml 

59  Operating  Boundaries  of  Compliant  Rotor  Design  #1  and 

Reference  Rotor  101 

60  The  Buildup  of  Power,  Stress,  Control  Loads,  and  Vibratory 

Shear  Force  for  Compliant  Rotor  Design  II 2 and  Reference 
Rotor  104 

61  Operating  Boundaries  of  Compliant  Rotor  Design  #2  and 

Reference  Rotor  106 


9 


LIST  OF  ILLUSTRATIONS 


(continued) 


Page 

Flyover  Perceived  Noise  Levels  of  Compliant  Rotor  Designs 
and  Reference  Rotor  at  p = 0.4  and  Cl/o=  0.085  107 

Hover  Figure  of  Merit  of  Reference  and  Compliant  Rotors  . . 108 


INTRODl'Ci  ION 


Two  problems  constrain  the  flight  capability  of  conventional  ieii- 
copters . . ...  first  : the  Less-than-optimal  use  of  availabl  . ver . 

second  is  the  buildup  of  rotor  system  loads  and  vibratory  hub  forces. 
Aerodynamic  efficiency  of  fixed-geometry  blades  inevitably  decreases  in 
high-speed  flight  as  regions  of  the  rotor  disc  become  disprepor L ionati I, 
loaded . Rotor  and  >nti  /stem  loads  build  up  as  Lrect 
increasingly  severe  advanc ing-b lade  compressibility  effects  combined  wits 
retreating-blade  stall  effects.  In  seeking  to  relieve  the  vuriou  ini'...  a- 
flight  limitations  and  maintain  good  hover  performance,  blade  di  - n 
are  faced  with  trade-offs  in  establishing  such  parameters  as  radius, 
airfoil,  plunform,  and  twist.  Lack  of  a detailed  airload  prediction 
capability,  together  with  concern  for  the  complexity  of  blades  viLl  i 
flight  varying  geometry,  has  typically  resulted  in  a f ixed-geomet r; 
which  is  a compromise  between  those  desired  for  Lin-  different  operatim 
regimes.  More  recently,  rotors  with  controllable  twist,  circulation,  ot 
flap  deflection,  and  rotors  witli  mult icyc lie  feathering  have  been  prop, 
to  alter  blade  or  control-system  characteristics  with  flight  condition  r 
lade  position  to  achieve  improved  loading  distributior  ..  Improvement  i 
performance  and  reductions  in  flight  loads  have  been  demonstrated  wit 
these  mechanisms  (References  1-4) . in  each  case,  active  p» , eh  (1  >ad : . • 
octroi  is  achieved  at  some  penalty  in  system  simplicity,  cost,  a r> 

1 ilitv.  A desirable  objective  is  to  achieve  the  benefits  ol  active 
■ ontrol  devices  by  passively  controlling  blade  torsional  response  thr-  n 
proper  aeroelastic  design.  if  blade  aerodynamie  and  structural  nr. 'port:, 
can  be  selected  so  that  torsional  response  to  applied  aerodynami.  1 
matches  that  supplied  by  an  active  device,  improvements  in  - p. rat  in. 
capability  can  be  obtained  without  the  potential  attendant  weight  anu  . 
penalties  of  active  control  approaches.  With  passive  control,  the  hi 
naturally  tend  to  comply  with  desired  pitch  requirements.  A rotor  h ■ ■ ,! 
on  these  principles  is  referred  to  in  this  report  as  a compliant  rotor. 
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Past  designs  have  demonstrated  favorable  effects  of  compliant  design 
concepts.  The  Sikorskv  swept-tip  blade  reduced  control  loads  and  blade 
stress  by  altering  blade  torsional  response  (Reference  5).  Tests  of 
reduced-stiffness  blades  with  swept  tips  and  negative  camber  reported  in 
Reference  6 demonstrated  significant  reduction  in  blade  stress.  In  general, 
however,  there  exists  little  detailed  information  which  quantifies  potential 
compliant  rotor  benefits  and  identifies  design  criteria.  The  objectives 
of  the  present  study  are  as  follows: 

!.  Define  ideal  compliant  rotor  twisting  and  quantify  the  effects 
on  performance  and  rotor  system  loads. 

2.  Provide  preliminary  compliant  rotor  design  guidelines  by  identi- 
fying the  effects  of  blade  design  parameters  for  improving  rotor 
capability  by  inducing  favorable  twisting. 

The  following  approach  was  adopted: 

1.  Define  the  hover  performance  and  level  flight  operating  limits 
of  a baseline  (noncompliant)  rotor  designed  for  a transport 
mission . 

2.  Identify  improvements  in  flight  capability  achievable  through 
idealized  elastic  twisting. 

3.  Examine  existing  test  data  to  identify  blade  parameters  and 
compliant  mechanisms  which  tend  to  produce  desired  twisting. 

4.  Determine  and  evaluate  the  type  of  twist  produced  by  a variety 
of  blade  design  parameters. 

5.  Evolve  two  compliant  rotor  designs  providing  expanded  flight 
capability  relative  to  the  baseline  rotor. 
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DEFINITION  OF  REFERENCE  ROTOR  ATTRIBUTES 


To  provide  a reference  for  the  compliant  rotor  designs  to  be  evolved 
later  in  the  study,  the  design  and  level-flight  operating  capabilities  of 
a conventional  (noncompliant)  rotor  were  established.  This  design  served 
as  a baseline  for  the  parametric  evaluation  of  compliant  rotor  parameters 
to  be  discussed  below.  Although  the  compliant  rotor  concept  has  applica- 
bility to  a range  of  helicopter  missions,  the  focus  of  the  present  study 
was  a transport  mission.  Baseline  rotor  design  parameters  are  as  follows: 


number  of  blades 

rotor  type 

radius 

solidity 

tip  speed 

offset  ratio 

airfoil 

twist 

planf orm 

Locke  number 

first  flatwise  frequency 
first  edgewise  frequency 
first  torsional  frequency 


4 

articulated 
26.5  ft 
.083 

730  ft /sec 
.047 
SC  1095 

-12  deg  (nonlinear) 
rectangular 
10 

2.8/rev 
4.8/ rev 
5 .2/rev 


To  establish  the  approximate  operating  limits  of  the  reference  rotor, 
the  NASA  rotary-wing  performance  charts  presented  in  Reference  7 were  used 
in  conjunction  with  the  Sikorsky  Generalized  Rotor  Performance  program 
(CRP).  The  GRP  analysis  and  the  other  analyses  used  in  the  study  are 
described  in  the  Appendix.  Reference  7 shows  that  the  blade  profile  drag 
torque  parameter,  bCQp/o,  is  a reliable  indicator  of  the  degree  of  rotor 
stall.  Examination  of  flight-test  data  lias  shown  that  bCno/0  = 0.004 
indicates  incipient  stall  (lower  stall  limit)  and  that  bCgp/o  = 0.008 
corresponds  to  deep  stall(upper  stall  limit).  Operation  beyond  the  upper 
stall  limit  is  typically  prohibitive,  based  on  power  requirements  and 
control-system  loads.  The  rigid-blade  GRP  analysis  was  used  to  determine 
the  buildup  of  the  stall  parameter  with  airspeed  and  rotor  lift.  Results 
are  shown  in  Figure  1.  The  combinations  of  advance  ratio  and  rotor  lift 
coefficient  analyzed  are  denoted  by  symbols  in  Figure  1(a).  Figure  1(b) 
shows  the  variation  of  the  stall  parameter  in  relation  to  the  lower  stall 
limit  and  identifies  the  combinations  of  p and  Cp/c  corresponding  to 
incipient  stall. 


Tanner,  W.  H.,  CHARTS  FOR  ESTIMATING  ROTARY  WING  PERFORMANCE  IN  HOVER 
AND  HIGH  FORWARD  SPEEDS,  Engineering  Report  SER- 50379,  Sikorsky 
Aircraft  Division,  United  Technologies  Corp.  , August  1964 
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Rotor-loud  and  performance  characteristics  were  then  calculated  in 
the  vicinity  of  the  GRP  stall  boundary  using  the  Normal  Modes  Blade  Aero- 
elastic  Analysis  (Appendix).  Because  they  were  shown  in  Reference  8 to  be 
necessary  for  accurate  modeling  of  control  loads  and  blade  stress,  unsteady 
aerodynamics  and  nonuniform  inflow  were  used.  The  so-called  a.  A,  B 
unsteady  aerodynamic  model  described  in  Reference  9 was  used.  Variable 
inflow  was  calculated  using  the  UTRC  Prescribed  Wake  Inflow  Analysis 
described  in  the  Appendix.  The  buildups  of  main  rotor  power,  blade  stress, 
vibratory  hub  loads,  and  control-system  loads  were  calculated  and  compared 
to  allowable  levels.  The  variation  of  significant  measures  of  these 
quantities  are  presented  versus  p and  Jo  in  Figures  2 and  3.  The  main 
rotor  power  requirements  shown  in  Figure  2(a)  include  parasite  power 
corresponding  to  an  aircraft  equivalent  flat  plate  area,  f,  ot  25  ft-. 
Flatwise  bending  stress,  shown  in  Figure  2(b),  was  the  most  significant 
source  of  blade  stress.  At  the  60-percent  span  station  where  maximum 
total  stress  was  generally  predicted,  edgewise  bending  stresses  were  found 
to  be  less  than  15  percent  of  the  total.  Peak-to-peak  levels  of  pushrod 
load  were  selected  as  the  measure  of  control-system  loads,  because  they 
reflect  in  a single  parameter  both  the  high  frequency  stall-induced 
torsional  loads  (which  cause  bP  fixed-system  control  loads),  and  IP 
camber-,  twist-,  and  sweep-induced  torsion  moments,  which  contribute 
significantly  to  steady  fixed-system  loads.  A significant  indicator  of 
the  level  of  vibratory  hub  loads  is  the  3P  rotating  system  vertical  shear 
force  at  the  hinge.  Vibration  trends  generally  follow  predicted  levels  of 
3P,  4P,  and  5P  rotating  system  shear  forces.  The  3P  component  was  used 
because  it  is  most  reliably  predicted  by  analysis.  It  should  be  pointed 
out  that  vibratory  hub  loads  present  a less  fundamental  limit  than  the 
other  rotor  loads,  because  resulting  vibration  can  be  controlled  by  detuning 
airframe  modes  or  adding  vibration-suppression  equipment.  Flight  envelope 
restrictions  based  on  each  of  the  four  loads  were  established,  based  on 
the  following  limits: 

available  main  rotor  power  2800  hp 
flatwise  stress  +17,000  psi 

pushrod  load  ±1400  lb 

3P  hinge  axial  force  +800  lb 
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Technical  Report  74-25,  Lust  is  Directorate,  U.S.  Army  Air  Mobility 
Research  and  Development  Laboratory,  Fort  Eustis,  VA,  May  1974, 
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1. units  were  estimated  based  on  existing  design  trends.  Actual  limits 
of  a given  design  would,  of  course,  depend  upon  detailed  blade,  control 
system,  airframe,  and  engine  definition.  The  stress  limit  is  based  on  the 
endurance  limit  of  titanium.  The  flight  envelope  as  determined  bv  each  of 
the  rotor  Loads  is  shown  in  Figure  4.  Based  on  the  somewhat  arbitrary  set 
of  load  limits  given  above,  power  and  vibratory  hub  load  represent  the 
primary  limitations  to  the  forward-flight  operating  envelope. 

in  order  to  permit  an  evaluation  of  the  acoustic  characteristics  oi 
the  compliant  rotor  designs,  perceived  noise  levels  (PNI.)  of  the  reference 
rotor  were  calculated  using  the  Sikorsky  Aircraft  version  of  HERON  Ii,  the 
Lowson-Ollerhead  noise  prediction  method  (Reference  10) . This  method 
calculates  drag  rise  noise  due  to  compressibility  effects,  and  accounts 
for  the  effects  on  rotor  noise  of  blade  twist,  tip  geometry  and  airload 
distribution.  PNL  were  calculated  at  several  field  points  to  generate  a 
flyover  history  as  a function  of  rotor /observer  separation  distance. 

Figure  5 presents  the  resulLs  for  a flight  condition  corresponding  to  the* 
operating  limit  of  the  reference  rotor  at  an  advance  ratio  of  0.4. 

Hover  performance  of  the  reference  rotor  was  calculated  using  the 
Sikorsky  Circulation  Coupled  Hover  Analysis  Program  (CCHAP) , which  is 
described  in  the  Appendix.  A recent  refinement  to  this  analysis  allows 
the  treatment  of  flatwise  bending  and  torsional  windup  in  the  calculation 
of  rotor  inflow  velocities  and  hover  performance.  This  feature  is  particu- 
larly valuable  for  the  investigation  of  compliant  rotor  hover  performance. 
Figure  6 shows  the  hover  figure  of  merit  (FM)  of  the  reference  rotor  as  a 
function  of  thrust  coefficient-solidity  ratio.  The  elastic  windup  of  the 
baseline  rotor  is  approximately  -2.5  degrees.  Reference  rotor-hover  and 
forward-flight  data  of  Figures  2 through  b wilL  be  compared  with  corres- 
ponding compliant  rotor  results  later  in  the  report. 
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DETERMINATION  OF  IDEAL  ROTOR  ELASTIC  TWISTING 


The  potential  for  expanding  the  operating  capability  of  the  reference 
rotor  through  ideal  compliant  rotor  twisting  was  the  next  subject  to  be 
addressed.  In  effect,  the  capability  of  a rotor  with  completely  control- 
lable twisting  was  examined.  This  effort  defined  the  hover  twist  and  the 
time-varying  forward-flight  twist  of  an  ideal  compliant  rotor  without 
regard  for  the  loading  mechanisms  needed  to  achieve  them.  The  search  for 
realistic  means  of  achieving  desired  twisting  is  the  subject  of  the 
section  entitled  "Evaluation  of  Compliant  Rotor  Design  Parameters." 


Elastic  twist  can  be  used  to  improve  several  of  the  rotor  attributes 
which  limit  forward-flight  capability.  The  torsional  responses  required 
to  reduce  each  of  the  loads  are  not  necessarily  identical  and  trade-offs 
are  inevitably  required.  For  example,  twist  which  reduces  blade  stress 
may  degrade  performance.  It  is,  therefore,  essential  that  compliant 
response  be  directed  toward  relieving  primary  limitation  both  in  terms  of 
absolute  flight  boundaries  and  efficiency  at  design  conditions.  A funda- 
mental level-flight  limit  of  the  reference  rotor  is  installed  power  (Figure 
4).  A variety  of  methods  exist  for  reducing  blade  stress  or  vibration  to 
satisfactory  levels  in  either  design  or  experimental  development.  Control 
loads  can  be  tolerated  by  strengthening  contro L-system  hardware  and  paying 
the  accompanying  weight  penalty.  It  should  also  be  noted  that  level- 
flight  control  loads,  although  they  build  up  with  stall,  generally  remain 
below  design  levels  which  for  military  aircraft  are  based  on  maneuvers. 

The  latitude  for  improving  aerodynamic  flight  capability  for  a given 
installed  power  is  generally  smaller.  Power  required  necessarily  builds 
up  with  airspeed  and  lift.  A common  result  is  an  aircraft  for  which  rotor 
loads  are  nondamaging  within  the  aerodynamically  defined  operating  envelope. 
For  this  reason,  examination  of  ideal  compliant  rotor  twisting  concentrated 
on  responses  which  improve  performance  both  at  cruise  and  extreme  condi- 
tions. It  is  anticipated  that  performance  improvements  which  result  from 
avoiding  retreating  blade  stall  will  also  reduce  control  loads. 


A number  of  ideal-performance  rotors  were  examined.  Two  ideal- 
performance  rotors  which  have  been  proposed  in  the  past  were  examined 
first.  Performance  characteristics  and  angl e-of-at tack  distributions  were 
calculated  for  a rotor  having  each  blade  element  at  ci  and  for  a second 

rotor  having  blade  elements  at  the  angle  of  attack  for  maximum  1/d.  In 
each  case,  the  effects  of  Mach  number  and  reverse  flow  were  treated. 

Rotor  net  rolling  moment  was  balanced  by  constraining  outboard  sections  of 
the  advancing  blade  to  operate  at  negative  angles  of  attack  corresponding 


to— (1/d) 


and 


-ci  subiect  to  the  constraint  that 
‘max 


ca  <.l.  These 

max  ‘max 

constraints  specify  one  angle-of-attack  distribution  and  rotor  lift 
coefficient  at  a given  advance  ratio.  Similar  investigations  reported  in 


Reference  11  showed  the  potential  of  a clm)x  ideal  rotor  for  increasing 

rotor  lift  capability  while  avoiding  stall.  Angle-of-attack  time  histories 
of  the  two  ideal  performance  rotors  are  compared  in  Figure  7 to  those 
calculated  for  the  reference  rotor  in  the  vicinity  of  the  stall  boundary 
(bCqp/o  = 0.004).  These  results  based  on  uniform  inflow  and  steady  aero- 
dynamics correspond  to  an  advance  ratio  of  0.4.  The  lift  coefficients  and 
lit t-to-equivalent-drag  ratios  achieved  by  the  three  rotors  are  shown. 

Rotor  equivalent  drag,  Dp,  is  the  drag  of  a body  which  absorbs  the  same 
power  in  translating  at  airspeed  V as  the  rotor  uses  in  producing  lift. 

( DjrV  = 550  [HP-HPp^  J ) . The  ratio  of  lift  to  equivalent  drag  is  a conven- 
ient measure  of  rotor  efficiency.  The  ci  rotor  has  a high  lift  capa- 

max 

bility  but  a low  L/Dp.  At  this  condition,  the  maximum  c^/cj  rotor  is  more 
efficient  than  the  reference  rotor.  At  p = 0.3,  however,  a rotor  with  all 
sections  at  maximum  1/d  has  a rotor  L/Dp  worse  than  that  of  the  reference 
rotor  at  the  same  C p/o. 

Because  the  maximum  section  i/d  and  Ci  criteria  did  not  consistently 
improve  performance  and  moreover  do  not  identify  the  manner  in  which 
angle  of  attack  should  be  changed  for  variations  in  lift  at  fixed  airspeed, 
additional  criteria  were  sought.  The  final  criterion  selected  was  the 
minimization  of  integrated  drag  torque  at  each  azimuth  while  maintaining 
the  lift  of  the  reference  blade.  The  radial  distribution  of  loading  which 
minimizes  the  integral  of  blade  element  drag  torque  subject  to  maintaining 
a specified  total  blade  lift  can  be  determined  using  variational  calculus 
(Reference  12).  For  a given  relationship  between  airfoil  angle  of  attack, 
lift,  and  drag,  the  optimal  radial  distribution  of  angle  of  attack  is 
defined.  This  optimization  criteria  was  used  in  the  Sikorsky  Airload 
Optimization  Analysis  (Appendix)  to  determine  angle  of  attack  and  twist 
distributions  at  each  azimuth  which  resulted  in  a rotor  with  the  maximum 
total  lift-to-drag  torque  ratio,  L/ Qp . It  should  be  pointed  out  that  the 
effects  of  induced  drag  are  not  included  under  this  optimization  criteria. 
Minimization  of  induced  drag  would  be  a somewhat  more  involved  process 
because  of  the  need  to  iterate  between  airload  and  resulting  inflow  distri- 
butions in  seeking  an  optimum.  Drag  torque  is  the  more  significant 
component  for  high-speed  flight. 
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The  process  of  minimizing  drag  torque  with  the  airload  optimization 
analysis  assuming  uniform  inflow  is  illustrated  in  Figure  8.  For  a given 
f] i ;ht  condition,  the  GRP  analysis  is  used  to  determine  the  azimuthal 
distribution  of  total  lift,  the  required  controls,  and  the  inflow  angles 
of  a baseline  rotor.  The  airload  optimization  program  then  specifies  the 
radial  distributions  of  angle  of  attack  which  minimizes  drag  torque.  The 
required  twist  is  computed  based  on  the  desired  angles  of  attack,  the 
control  angles,  and  the  inflow  angles.  Finally,  the  time-varying  twist  is 
impressed  upon  the  baseline  blade  and  the  rotor  performance  is  calculated. 
The  process  is  repeated  until  the  two  analyses  achieve  consistent  control 
angles,  flapping,  and  twisting. 

Results  of  these  calculations  indicate  a significant  potential  for 
improving  rotor  forward-flight  performance.  Improvements  in  efficiency 
achieved  with  the  maximum  L/Qp  rotor  are  shown  in  Figure  9.  Expansion  of 
the  reference  rotor  power  boundary,  based  on  the  2800-hp  limit,  is  shown 
in  Figure  10.  Results  are  basid  on  uniform  inf  Low  and  steady  aerodynamics. 
Rotor  Lif t-to-equivalent-drag  ratios  show  consistent  improvements  over 
those  of  the  reference  rotor  at  advance  ratios  of  0.3  and  0.4  (Figure  9). 

At  p = 0,3,  the  maximum  L/Qp  rotor  achieves  a 20-percent  increase  in 
maximum  Cp/o.  Points  denoting  the  performance  of  the  cp  and  (cp/cj) 
rotors  described  above  are  included  for  comparison. 

The  performance  gains  predicted  for  the  maximum  L/Qp  rotor  can  be  put 

into  perspective  by  comparing  results  to  those  of  two  ideal  minimum-drag 

rotors.  Figure  9 shows  the  equivalent  lift-to-drag  ratio  of  a rotor 

for  which  every  blade  section  operates  at  ca  as  a function  of  Mach 

umm 

number  (Curve  1),  and  of  a rotor  which  suffers  no  drag  rise  as  a function 
of  Mach  number,  i.e.,  c<j  = cdo^n,  (Curve  2).  Curve  1 describes  a rotor 

which  achieves  required  lift  without  exceeding  the  angle  of  attack  for 
minimum  drag,  and  therefore  defines  a limit  greater  than  or  equal  to  what 
can  be  achieved  through  ideal  angle  of  attack  optimization.  Gains  from 
Curve  1 to  Curve  2 are  the  additional  benefits  to  be  achieved  by  elimin- 
ating the  effects  of  compressibility  drag  rise,  possibly  through  the  use 
of  advanced  airfoils  and  tip  design,  or  reduced  tip  speed.  The  maximum 
Lifting  capability  of  each  rotor  is  limited  by  retreating-blade  stall  as 
indicated  in  the  figure.  It  is  apparent  that  the  maximum  L/Qp  rotor 
achieves  a significant  fraction  of  the  performance  gains  achievable  through 
angle  of  attack  optimization,  especially  at  the  0.4  advance  ratio.  It  is 
apparent,  however,  that  further  gains  should  be  possible  by  reducing  rotor 
tip  speed  in  order  to  minimize  compressibility  losses.  Further,  results 
such  as  these  apply  to  only  one  airfoil  design.  Examination  of  airfoil 
and  tip  speed  variations  were  beyond  the  scope  of  this  investigation. 

file  nature  of  the  performance  improvement  achieved  by  maximizing  L/Qp 
is  illustrated  in  Figures  11  through  16.  Results  for  the  condition  shown 
(p  = 0.3,  C \Jo  = 0.10)  are  typical  of  the  other  points  included  in  Figure 
9.  Figure  11  compares  reference  and  maximum  L/Qp  rotor  azimuthal  distri- 
butions ot  drag  torque  coefficient,  c(^,  and  blade  axial  hinge  force 
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ooefl  icient,  cz.  As  shown,  l lie  maximum  L/()n  rotor  achieves  torque 
reduet  ions  at  eaeh  azimuth  while  matching  baseline  rotor  lift.  Figure  12 
presents  a surface  plot  of  the  tot.il  twist  required  to  maximize  L/Qp. 

These  plots,  which  are  used  extensively  in  this  report , are  a perspective 
view  of  a surface  which  represents  the  magnitude  ot  a given  quant ' ty  as  a 
function  of  radial  and  izinmthal  position  by  a vertical  displacement  from 
a zero  plane.  Data  needed  to  define  surfaces  for  all  sign  it  icant  aero- 
dynamic and  dynamic  quantities  are  stored  on  file  for  each  performance  and 
blade  response  calculation.  Surface  plots,  as  well  as  standard  XV  plots 
versus  azimuth  or  radius,  are  then  generated  on  an  interact  ive  basis  I rum 
a graphic  display  terminal.  The  vantage  point  of  the  observer  relative  to 
the  surface  can  be  arbitrarily  selected.  In  the  plots  ot  Figures  12 
through  16,  tlie  observation  point  is  located  above  and  directly  behind  the 
rotor  disc  at  an  elevat  ion  angle  of  about  10  degrees.  1 he  primary  utility 
ot  surface  plots  is  in  allowing  rapid  qualitative  assimilation  ot  a large 
body  of  data.  Quantitative  information  can,  however,  he  obtained  as 
illustrated  in  Figure  11.  Radial  lines  can  be  drawn  in  the  zero  plane  at 
azimuth  angles  of  interest.  Vertical  displacements  ot  points  on  the 
ertace  from  corresponding  radial  lines  can  then  be  measured  and  compared 
to  the  vertical  scale  included  with  each  figure. 


Figure  12  compares  the  twist  pattern  of  the  maximum  L/Qp  rotor  at 
p = 0.3  and  Cp/o  = 0.10  with  the  fixed  (built-in)  twist  of  tile  reference 
rotor.  As  shown,  the  primary  features  ot  the  ideal  rotor  twist  pattern  are 
a reduction  in  ad  vane i ng- blade  twist  and  an  increase  in  retreating-blade 
twist,  especially  in  the  tip  region.  The  manner  in  which  the  maximum  I. /Qp 
rotor  improves  performance  is  illustrated  by  surface  plots  of  angle  of 
attack,  airload,  and  elemental  drag  torque  shown  in  Figures  14,  15,  and  16. 

As  shown  in  Figure  14,  the  ideal  rotor  reduces  retreating-blade  tip  angles 
ol  attack  and  avoids  negative  advanc ing-blade  angles  for  which  cj  ■ cd i . (M) . 


Reverse  flow  region  angles  of  attack  are  eliminated  for  clarity.  A 
comparison  of  airload  distributions  in  Figure  15  shows  a slight  tendency 
to  shift  high  tip  airloads  inboard.  Dramatic  savings  in  drag  torque  are 
shown  in  Figure  16.  Drag  torque  is  reduced  at  every  azimuth.  Advancing 
blade  tip  torque  contributions  remain  high  because  of  the  high  tip  Mach 
numbers.  These  data  are  based  on  the  assumption  of  uniform  inflow.  One 
result  of  this  assumption  is  the  prediction  of  high  angles  of  attack  and 
drag  coefficients  at  the  tip  for  the  baseline  rotor.  As  a result,  tip 
contributions  to  drag  torque  may  have  been  overpredicted.  To  study  this 
question  further,  the  effects  of  including  variable  inflow  on  torque 
savings  and  required  twist  were  studied  at  two  flight  conditions  (p  = 0.3, 
Cp/o  = 0.10  and  p = 0.4,  Cp/o  = 0.085).  This  computation  involved  iteration 
between  OKI’,  the  Airload  Optimization  Analysis  and  the  Prescribed  Wake 
Inflow  Analysis.  Baseline  and  maximum  L/Qp  rotor  variable  inflow  results 
corresponding  to  the  uniform  inflow  data  given  above  are  presented  in 
Figures  17  through  20.  The  principal  results  are  as  follows: 

1.  Magnitudes  ol  the  torque  reductions  predicted  with  uniform  and 
variable  inflow  are  generally  comparable. 
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2.  The  IP  twist  requirement  calculated  with  variable  inflow  is 
essentially  the  same  as  that  predicted  with  uniform  inflow. 

Higher  harmonic  twisting,  in  particular  a nosedown  twisting  in 
the  third  quadrant  of  rotor  azimuth,  is  predicted  with  variable 
inf low. 

3.  The  reference  rotor  angle  of  attack  distribution,  based  on 
variable  inflow,  includes  a large  positive  region  in  the  third 
quadrant.  Examination  traces  this  fluctuation  to  positive 
induced  velocities  resulting  from  close  blade-vortex  passage. 

4.  Variable  inflow  torque  reductions  result  more  from  avoiding 
retreating  blade  stall  than  from  eliminating  high  tip  drag. 

The  amount  and  the  manner  by  which  the  optimal  twist  varies  with 
flight  condition  has  important  implications  in  the  selection  of  a compliant 
rotor  design.  A loading  mechanism  will  be  sought  which  achieves  nearly 
optimal  twist  for  a range  of  forward-flight  conditions  and  hover.  Airload 
optimization  results  based  on  uniform  inflow  were  examined  to  show  the 
variation  in  twist  requirements  with  flight  condition.  Figure  21  shows 
the  total  steady  twist  (built-in  twist  plus  steady  elastic  twist)  and  the 
sine  and  cosine  components  of  IP  elastic  twist  required  for  maximum  L/Qp. 

Four  observations  can  be  drawn: 

1.  At  an  advance  ratio  of  0.3,  increases  in  steady  (negative)  twist 
and  IP  sine  twist  (advancing  blade  noseup  and  retreating  blade 
nosedown)  are  required  with  increases  in  Cg/a 

2.  At  an  advance  ratio  of  0.4,  twist  requirements  do  not  change 
significantly  with  lift  coefficient. 

3.  The  effect  of  advance  ratio  is  to  require  increases  in  steady 
and  IP  sine  twist. 

4.  The  lateral  (IP  sine)  twist  component  is  more  significant  than 
the  fore-and-aft  component  (IP  cos). 

The  impact  ot  twist  on  hover  performance  was  also  examined  to  deter- 
mine the  ideal  value.  The  variation  of  figure  of  merit  with  linear  twist 
angle  was  computed  at  Gp/o  = 0.10  with  the  CCHAP  analysis  (Figure  22). 

The  primary  power  component  in  hover  is  induced  power.  Moderate  increases 
in  twist  improve  induced  efficiency  by  shifting  airloads  inboard  and 
creating  a more  uniform  downwash  field.  The  optimal  twist  predicted  by 
CCHAP  is  approximately  -25  to  -30  degrees.  Peak  figure  of  merit  is  0.76. 
Blades  having  such  a large  amount  of  built-in  twist  would  necessarily 
experience  large  flatwise  bending  moments  in  forward  flight.  It  is  the 
goal  of  the  compliant  rotor  design  study  to  select  aerodynamic  and  structural 
properties  which  improve  hover  performance  bv  inducing  steady  nosedown 
elastic  twisting  and  which  improve  forward-flight  performance  by  inducing 
a time-varying  twist  such  as  that  described  above. 
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EXAMINATION  OF  ROTOR  ELASTIC  I'WIST  DATA 


To  provide  guidance  for  the  compliant  rotor  design  analysis,  test 
data  for  rotors  experiencing  significant  dynamic  twisting  were  examined. 
Objectives  were:  first,  to  define  the  twisting  induced  by  specific  Resign 

parameters,  and  second,  to  determine  C lie  effects  of  the  twisting  on  rotor 
performance  and  blade  loads.  Two  sets  of  test  data  which  exhibit  signi- 
ficant variations  in  blade  torsional  response  are  the  9-f t-diameter  model 
rotor  data  described  in  Reference  li  and  the  full-scale  CH-53I)  swept-tip 
flight-test  data  presented  in  Reference  5. 

EXAM  I NAT  ION  OF  MODEL  ROTOR  ELASTIC  TWIST  DATA 

Test  data  were  examined  for  dynamically  scaled  H-34  model  rotors 
which  incorporated  parametric  variations  in  stiffness,  twist,  and  camber. 
These  rotors  were  not  tested  in  connection  with  a stud\  of  compliance. 
Three  have  conventional  torsional  stiffness  and  one  has  an  increased 
torsional  stiffness.  The  goal  of  the  data  analysis  was  to  identify 
elastic  twisting  mechanisms  which  could  be  expected  to  have  powerful 
effects  on  a blade  of  reduced  torsional  stiffness.  The  four  9-f t-diameter 
rotors  were  tested  in  the  18-ft  test  section  of  the  UTRC  main  wind  tunnel 
under  Army  Contract  DAAJ02-7 6-C-0026 . Rotors  were  tested  Lo  an  advance 
ratio  of  0.5  and  for  various  combinations  of  shaft  angle  and  collective 
pitch.  The  following  four  configurations  were  tested. 

L.  a baseline  untwisted  blade, 

2.  a 1 x scale  stiffness  blade, 

3.  a blade  with  20-percent  chord,  5 degree  deflection  plain 

flap,  and 

4.  a -8-degree  twist  blade. 

Rotors  had  a solidity  of  0.063  and  employed  an  NACA  0012  airfoil  sed  ion. 
Rotor  tip  speed  was  330  ft/sec. 

The  first  phase  of  the  data  analysis  was  to  define  the  effects  of 
design  parameters  on  elastic  twisting.  Blade  elastic  twist  angles  wore 
estimated,  based  on  measured  torsion  moments  and  moment/deflection  rela- 
tionships calculated  for  the  first  torsional  blade  mode.  Particular 
effort  was  devoted  to  understanding  the  effects  of  blade  design  on  IP 


13.  Niebanck,  ('.  F.  , MODEL  ROTOR  TEST  DATA  FOR  VERIFICATION  OF  BLADE 
RESPONSE  AND  ROTOR  PERFORMANCE  CAl.CUI.AT  IONS , Sikorsky  Aircraft 
Division,  United  Technologies  Corporation,  USAAMRDL  Technical  Report 
74-29,  Fust  is  Directorate,  U.S.  Army  Air  Mobility  Research  and  Develop- 
ment Laboratory,  Fort  Fust  is,  VA,  May  1974,  AD  786362 


torsional  response.  With  the  exception  of  .stalled  conditions  for  which 
stall  flutter  was  present,  the  first  harmonic  was  the  primary  torsional 
response  component.  Trends  of  steady  and  IP  elastic  twist,  with  changes 
in  airspeed  and  rotor  lift,  were  analyzed  for  propulsive  force  coefficients 
.'[•responding  approximately  to  those  of  the  reference  rotor  (f  = 25  ft^). 

!•'  i ,urt  23  illustrates  the  variation  of  steady  and  IP  tip  elastic  twist 
with  lift  coefficient-solidity  ratio  at  an  advance  ratio  equal  to  0.3. 
Principal  results  are  listed  below: 

1.  All  blade  sets  experience  an  increase  in  both  steady  and  retreat- 
ing blade  (IP  sine)  nosedown  twisting  with  increasing  lift 
coef i icient . 

3.  Positive  camber  introduces  significant  advancing-b Lade  nosedown 
twist  Lng. 

3.  1'he  1 x stiffness  blade  experiences  approximately  one-third  the 
steady  and  IP  torsional  response  of  the  baseline. 

..  Relative  to  an  untwisted  blade,  introducing  negative  built-in 
twist  decreases  steady  nosedown  elastic  twist  and  reduces  the 
amplitude  of  IP  elastic  twist. 

Similar  results  were  evident  from  the  fi  = 0.4  data.  The  only  significant 
•.■fleet  of  increasing  advance  ratio  from  0.3  to  0.4  at  fixed  Cl/o  and 
parasite  area  was  a 30-percent  increase  in  the  IP  sine  component  of  twist 
experienced  by  the  cambered  blade. 

Hie  second  phase  of  the  model  rotor  data  analysis  examined  effects  ol 
rsional  response  on  rotor  performance,  blade  stress,  and  control-system 
1 e ids . Figure  24  compares  the  performance  characteristics  of  the  four 
rotors  at  an  advance  ratio  of  0.3.  Results  show  that  relative  to  the 
■ as i line,  increasing  stiffness  degrades  performance  and  increasing  negative 
twist  or  introducing  positive  camber  improves  performance  (at  least  al  the 
low  tip  Mach  numbers  of  these  rotors).  The  performance  effects  of  twist- 
and  camber- induced  torsional  response  cannot  be  isolated  from  the  primary 
aerodynamic  effects  of  the  parameters.  A direct  measure  of  the  effects  of 
torsional  response  is,  however,  available  from  comparisons  of  configura- 
tions l and  2,  which  differ  only  in  blade  stiffness.  Elastic  twist  and 
performance  data  of  Figures  23  and  24  suggest  that  relative  to  the  3 x 
st  illness  blade,  the  baseline  blade  exhibits  a performance  advantage  by 
virtue  of  increased  IP  sine  twisting.  Figure  25  presents  torque  coef- 
! icU-nt  data  from  the  two  rotors  as  a function  of  this  twist  component. 

At  each  lift  coefficient  the  effect  of  increased  advancing-b lade  noseup 
twist  and  ta  t teat ing-blade  nosedown  twist  is  favorable.  A 15-percent 
per  I ormance  benefit  is  shown  at  a blade  loading  of  0.10.  This  result  is 
in  agreement  with  predictions  of  the  twist  required  for  minimum  profile 
drag  torque  described  earlier. 
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For  the  untwisted  model  blades,  it  is  likeLy  Lliat  the  performance 
gain  was  a result  of  nosedown  retreating-blade  twist  rather  than  noseup 
ad vane i ng-b lade  twist.  Increased  retreating-blade  twist  reduces  tip  tall 
and  profile  drag  torque  by  shifting  airloads  to  inboard  stations.  in.  re. is  inn. 

advanc ing-b lade  noseup  twist  for  the  untwisted  rotor  would  he  expo.  ted  to 
increase1  profile  drag  torque  requirements.  This  effect  may  have  been 
small  at  model  scale  advancing  tip  Mach  numbers. 

Control  load  and  blade  stress  data  were  examined  to  identify  poss  ibli 
effects  of  elastic  twisting.  Although  the  different  configurations  experi- 
enced somewhat  different  control  loads,  no  direct  effects  of  compliance' 
such  as  retreating-blade  stall  avoidance  could  be  definitely  established. 
Figure  26  shows  the  buildup  with  lift  coefficient  of  peak-to-peak  blade 
root  torsional  moment.  These  data  include  significant  IP  momenL  components. 
Figure  27  compares  the  various  rotors  in  terms  of  the  4P  fixed-  vstem 
control  loads  which  eacli  would  generate.  These  results  are'  based  on 
resolving  3,  4,  and  5P  rotating  system  control  loads  into  4P  sw.ishplate- 
forces  and  moments.  The  fol  lowing  observations  can  be  made'  from  I igure-s 
26  and  27  : 


1.  The  3 x stiffness  blade  generally  experienced  the  highest 
vibratory  loads. 

2.  The  cambered  blade  resulted  in  Lhe  lowest  4P  fixed  svst  e-n>  loads 
at  high  Cp/c. 

3.  Control  loads  of  the  -8  degree  twist  and  the  baseline  blade  were 
comparable. 


The  reduction  in  high-frequency  torsional  moments  experienced  by  the 
baseline  blade  relative  to  the  3 x stiffness  blade  may  be  the  result  of 
avoiding  retreating  blade  outboard  stall  through  IP  twisting.  l’be  results 
of  work  reported  in  Reference  6 indicate  that  some  reduction  in  high- 
frequency  torsional  moments  is  to  be  expected  as  a direct  result  of  the 
reduced  torsional  stiffness. 


The  only  significant  effect  of  elastic  twist  on  blade  stress  was  the 
tendency  of  camber- induced  twisting  to  increase  peak-to-peak  1 latwise 
stress.  Data  presented  in  Figure  28  for  an  advance  ratio  ot  0.4  show  that 
the  advanc ing-b lade  nosedown  twist  of  the  cambered  blade  increases  tip- 
down  flatwise  bending  in  essentially  the  same  fashion  as  built-in  twist. 
Although  this  stress  component  is  not  a problem  for  the  untwisted  model 
blades,  it  suggests  that  the  combination  of  positive  camber  and  large 
built-in  twist  can  result  in  significant  flatwise  stress. 


EXAMINAT ION  Of-  I'll-Vil)  SWKPT-T1F  FLIGHT  JKST  DATA 

i'he  si  r ‘id  source  of  test  data  exhibit  ing  significant  effects  of 
! astir  twist  is  the  CH-53D  flight-test  evaluation  of  swept  tips  reported 
iu  lit  i i fence  ri . Sweep  imparts  t irsional  moments  to  the  blade  which  are 
• ■ L]  ill  Loads,  rherefore,  under  high-speed  conditions, 

m si  op  advancing-blade  twist  and  nosedown  twist  at  other  azimuths  general- 
Iv  re  tilt.  Data  were  analyzed  to  determine  the  potential  effect  of  Lliis 
hanisrn  on  compliant  rotor  behavior , Reference  compares  test 
iat  i f >t  t.iiree  sets  ot  swept-t  ip  blades  with  that  of  baseline  unswept 

lircraft.  lbe  i ive  blade  conf igurat ions 

analyzed  are  described  below. 

i.  H- ' i blade  (-6  degree  twist,  modified  NACA  0011  airfoil). 

H- >3  blade,  modified  t • • incorporate  a 30-degree  aft  swept  tip  at 

it  ion,  a cambered  airfoil  outboard  of  the 
bd  percent  span  station  and  a 2.5-degree  increase  in  negative 
twist  at  approximately  the  90-percent  span  station. 

•*  blade  (~l>  di  tees  twist,  modified  NACA  001J  airfoil). 

i.  II- >4  blade  with  the  sweep,  camber  and  tip  twist  modifications  ol 
configuration  2. 

11-3  i blade,  mod  it ied  to  include  the  camber  and  sweep  of  configura- 
tions 2 and  A,  but  witli  the  standard  H-5A  twist  (-14  degrees). 

Anal  -sis  oi  the  data  shows  that  in  addition  to  anticipated  beneficial 
. is  on  pert  ormance  and  noise  achieved  by  relieving  advancing  blade 
ia  divergence,  the  swept  tip  had  beneficial  aeroelastic  effects. 

: r \ on t re  1 -system  Loads  and  blade  flatwise  bending  stresses  were 

•d.  \ primary  source  ot  vibratory  flatwise  bending  moments  and  blade 

t i . , moments  is  the  tendency  for  the  tip  of  the  advancing  blade  to 

si  . mi.  which  tileu  causes  tip  drag  loads  to  create  a large  nosedown 

tu i a i nt;  moment.  By  causing  the  negative  lift  at  the  tip  of  the  advancing 

blade  ti  act  behind  tin  elastic  axis  of  the  inboard  blade  sections,  the 
wept  tip  serves  to  relieve  the  nosedown  twisting  moment.  To  the  degree 
Lb.it  this  reduction  in  twisting  moment  untwists  the  advancing  blade, 
downloading  at  the  tip  is  reduced,  and  the  flatwise  moment  is  reduced. 

The  most  significant  reduction  in  twisting  moment  was  accomplished 
with  the  low-twist  swept  tip  on  the  H-54  blade  (configuration  5).  Figures 
29  and  H)  compare  baseline  and  swept-tip  pushrod  load  time  histories  for 
the  low-  and  high-twist  blades  at  a 150-knot,  42,000-lb-lift  1 1 ight 
i ouii  it  ion.  examination  of  these  data  suggest  the  toLlowing  conclusions: 

I.  High  (wist  aggravates  advanc tng-b 1 ade  nosedown  twisting  moments 
(Figures  29(a)  and  30(a)). 

Adding  tip  sweep  without  increasing  tip  twist  was  effective  in 
reducing  advancing  blade  nosedown  moment  (Figures  30(a)  and 
30(c)). 
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j.  Relative  to  baseline  blades,  coni  igurat  i.  as  and  a aid  net 

sign  it  iountly  reduce  control  load.;  (Figures  29(a)  ami  (b)  and 
)0(a)  and  (b)).  This  was  probably  because  the  advai 
nesedown  moment  introduced  by  the  increased  tip  twist  and  ti, 
positive  camber  approximately  cancelled  the  nosoup  moment  intis 
due ed  bs  the  swept  Lip. 

4.  On  the  11-54  blade,  the  combination  ot  .wept  tip:,  and  a umbered 
eirioil  outboard  of  the  88-percent  r.i.liu  or  tit.  a , tu  ed  t 
significant  reduction  in  the  high- f r equency  pn  m J loads  usual 1 
attributed  to  stall  flutter.  I'll  is  effect  w.t:  most  sic.nif  icunt 
for  the  low-twist-swept  tip  (con  f igurat  i mi  5),  (figures  lt)(..i)  , 
(b) , (c) ) . Unfortunately , it  Is  not  cl  i ei  thi  provt 

meat  results  from  avoiding  stall  through  compliant  twisting  of 
the  retreating  blade,  or  from  improved  dynamic  stall  character- 
istics of  the  SC  1095  relative  to  the  baseline  NACA  0011  airioil 

The  effect  of  sweep-induced  twist  on  flatwise  stress  was  examined. 

The  addition  of  low-twist  swept  Lips  caused  sizable  reduet  ions  in  t lutwis, 
stress  (conf iguration  5 versus  configuration  3).  Highly  twisted  swept 
tips  (configurations  2 and  4)  resulted  in  smaller  stress  reduet  ion.  In 
these  cases,  the  increase  in  built-in  tip  twist  and  the  addition  '1  posi: i 
tip  camber  tend  to  oppose  the  reduction  in  advancing  blade  twist  indm  ed 
by  the  tip  sweep.  Figure  31  compares  the  buildup  with  airspeed  ot  t i.it  i 
stress  at  critical  blade  stations  for  the  three  high-twist  H-  ' 4 blade;  . 

15-  to  20-percent  stress  reductions  are  achieved  with  the  swept  low-twi 
tip.  Further  stress  reductions  were  probably  not  achieved  becsust.  the 
high  torsion  stiffness  of  the  lt-54  blades  permits  only  a small  clast  i. 
untwisting  of  the  advancing  blade.  Tip  region  angles  of  attack,  t ip 
download,  and  advancing  blade  bending  moment  are,  therefore,  not  signi- 
ficantly changed.  Reduced  torsion  stiffness  would  be  expected  t o improvi 
this  aspect  of  swept-tip  behavior. 

Unf ortunatelv , swept-tip  rotor  forward  t light  performanei  data  con ! i 
not  be  analyzed  because  of  intermittent  malfunctions  ot  the  rotor  t ipn 
measuring  system.  Two  favorable  effects  of  tip  sweep  on  performance  are 
anticipated.  First,  the  swept  tip  relieves  advane i ng-b lade  drag  diver- 
gence penalties.  Second,  for  a blade  of  sufficiently  reduced  torsional 
stiffness,  sweeping  the  tip  sets  up  a feedback  mechanism  which  drives  t . 
angles  of  attack  towards  zero.  The  need  for  a mechanism  which  di  ive.-, 
advancing  blade  angles  of  attack  to  zero  and  increases  retreating-blade 
twist  was  evident  from  the  calculations  of  ideal  rotor  angle  ot  attack 
discussed  earlier. 

The  capability  of  the  Normal  Modes  Blade  Aeroelastic  Analysis  lor 
modeling  the  effects  of  tip  sweep  was  examined  bv  correl.it  ing  test  and 
analytic  results  for  two  CU-531)  flight  conditions.  I be  correl.it  ion  ol 
control-load  and  b lade-stress  data  was  examined  for  standard  H-  1 4 b id. 
and  for  low-twist  swept-tip  11-54  blades  which  successful lv  reduced  control 


Loads  and  blade  stress  (configurations  3 and  5).  in  general,  the  trends 
of  the  test  data  were  reliably  predicted.  Figures  32  and  33  illustrate 
measured  and  calculated  effects  of  tip  sweep  on  time  histories  of  pushrod 
load  and  flatwise  stress.  Test  and  analytic  data  are  shown  on  separate 
plot:?;  to  illustrate  the  trends  resulting  from  the  addition  of  tip  sweep. 
Push’fod  load  data  shown  in  Figure  32  demonstrate  that  the  analysis  predicts 
the  tendency  of  sweep  to  reduce  both  IP  and  high  frequency  torsional 
response.  Peak-to-peak  loads  are  slightly  underpredicted  for  each  blade. 
Blade  flatwise  stress  results  shown  in  Figure  33  indicate  that  approxi- 
mately correct  percentage  reductions  in  blade  stress  resulting  from  sweep 
are  predicted  with  the  blade  response  analysis.  The  magnitude  of  the  tip- 
down  bending  in  the  area  of  ip  = 180  degrees  is  overpredicted  for  both 
blades.  This  may  be  the  result  of  not  including  three-dimensional  flow 
effects  in  the  calculation  of  airloads.  The  buildup  with  airspeed  of 
pushrod  loads  and  blade  stress  is  presented  in  Figure  34.  Again,  the 
trends  shown  by  the  test  data  are  accurately  described.  The  predicted 
effect  of  tip  sweep  on  required  power  was  a savings  of  approximately  3 
percent  relative  to  the  unswept  baseline  blade  (configuration  3)  at  the 
150-knot,  42,000-lb  flight  condition.  This  performance  improvement  resulted 
primarily  from  increased  retreating  blade  twist  which  served  to  avoid 
stall. 


EVALUATION  OF  COMF1.  [AM  KOTOR  DESIGN  PARAMETERS 


The  capability  of  blade  design  parameters  for  producing  elastic  twist 
which  improves  performance  and  reduces  flight  loads  was  examined  with  the 
Normal  Modes  Blade  Aeroelastic  Analysis.  Parametric  variations  to  refer- 
ence rotor  blade  properties  were  investigate!  at  two  flight  conditions  in 
the  vicinity  of  the  stall  boundary  and  in  hover  it  C j /cs  = 0.10.  The  two 
forward-flight  conditions  were  p = 0.3  and  t|  - 0.10,  which  corresponds 

to  130  knots  and  23,230  lb  of  lift,  and  , = 0.4  and  Cg/  = 0.085,  which 

corresponds  to  172  knots  and  19,750  lb  of  lift.  This  seL  of  flight 
conditions  was  considered  to  ensure  that  compliant  design  candidates  we re- 
ef fective  over  a realistic  operating  range.  The  primary  emphasis  was  on 
achieving  elastic  twist  similar  to  that  prescribed  earlier  for  maximum 
L/Q[).  In  order  to  increase  the  reliability  of  control-load  and  blade- 
stress  predictions,  unsteady  aerodynamics  and  nonuniform  inflow  were  used 
throughout.  It  was  recognized  that  the  optimal  twist  and  the  magnitude  of 
the  performance  benefits  predicted  with  GRP  and  steady  aerodynamics  would 
not  necessarily  be  optimal,  assuming  unsteady  aerodynamics.  The  basic 
trends  were  expected  to  apply.  Reductions  in  the  blade  stress,  control 
loads  and  vibratory  hub  forces  of  the  baseline  rotor  were  also  sought. 

The  parametric  data  were  used  in  the  final  select  ion  ot  compliant  rotor 
designs  described  in  the  last  section  of  the  report. 

Rotors  incorporating  each  of  the  parametric  changes  were  trimmed  to 
the  lift,  propulsive  force,  and  head  moments  of  the  reference  rotor.  As 
noted  above,  nonuniform  inflow  was  used  consistently.  In  evaluating  a 
blade  design  change,  iteration  between  the  blade  response  and  inflow 
analyses  was  found  to  be  essential.  Blade  design  changes  were  first 
analyzed,  assuming  the  inflow  distribution  of  the  baseline  rotor.  The 
inflow  was  then  recalculated  with  the  Prescribed  Wake  Inflow  Analysis 
based  on  predicted  control  angles,  flapping,  and  torsional  response.  Then 
the  blade  response  analysis  was  repeated  using  the  corrected  inflow. 
Experience  indicated  that  first-pass  results  (compliant  design  in  baseline 
rotor  inflow)  could  give  incorrect  performance  and  rotor-load  trends  when 
baseline  and  compliant  rotors  exhibited  significantly  different  torsional 
response. 

The  following  set  of  parameters  was  addressed: 

1.  Tip  sweep 

2.  Camber 

3.  Blade  chordwise  aerodynamic  center,  elastic  axis,  and  ,enti  r-«>l  - 
gravity  position 

4.  Torsional  stiffness 

5.  Twist 

b.  Tip  taper 

7.  Root  kinematic  coupling 


i 


I 


Properties  were  changed  singly  and  in  combination.  Variations  in  the 
magnitudes  and  radial  distributions  of  the  parameters  were  examined.  in 
order  to  reduce  the  number  of  design  cases  to  a manageable  level,  explor- 
atory studies  were  first  conducted  which  identified  the  most  significant 
effects  and  lefined  the  potential  role  of  each  of  the  parameters  in  contri- 
buting to  ideal  torsional  response.  Results  indicated  that  the  parameters 
listed  above  could  be  divided  into  those  which  are  sources  of  loading, 
those  which  modulate  the  magnitude  of  the  steady  and  time-varying  twist, 
and  those  which  have  no  significant  effect  on  compliant  response.  Tip 
sweep,  camber,  and  offset  of  the  aerodynamic  center  from  the  elastic  axis 
were  found  to  be  the  most  powerful  sources  of  compliant  loading.  Torsional 
stiffness  governed  the  magnitude  and  radial  distribution  of  elastic 
response.  The  primary  role  of  built-in  twist  was  to  permit  adjustments  to 
the  steady  elastic  twist  which  resulted  from  compliant  loading.  Explora- 
tory calculations  showed  that  for  the  flight  conditions  examined,  tip 
taper  and  root  kinematic  coupling  offered  little  benefit  in  terms  of 
reduced  flight  loads  or  improved  performance.  Further  detailed  analysis 
of  these  two  parameters  was  not  conducted.  The  process  of  selecting 
compliant  rotor  torsional  stiffness  is  discussed  below,  followed  by  examina- 
tion of  compliant  designs  based  on  each  of  the  three  loading  mechanisms — 
(amber,  tip  sweep,  and  offset  of  blade  lift  and  elastic  axes. 

I OR SIGNAL  S 11 KFNESS 

It  was  evident  from  the  analysis  of  model  and  full-scale  rotor  elastic 
twist  data  that  reduced  torsional  stiffness  is  required  to  achieve  the 
full  benefits  of  compliance.  Rather  than  analyze  variations  of  the  other 
parameters  holding  the  torsional  stiffness  of  the  baseline,  levels  of 
stiffness  reduction  which  facilitate  achieving  ideal  rotor  twisting  were 
first  estimated.  Variations  to  the  other  blade  parameters  were  then  made, 
assuming  reduced  torsional  stiffness.  The  amount  of  stiffness  reduction 
required  to  achieve  specified  response  amplitudes  depends  on  the  strength 
of  the  compliant  loading.  Large  lift  offset  or  camber,  for  example,  can 
induce  significant  response  even  on  a stiff  blade,  and  vice  versa.  The 
approach  adopted  in  the  present  study  was  to  apply  significant  compliant 
loading  to  a blade  of  moderately  reduced  torsional  stiffness.  Tne  alter- 
native of  using  a weaker  loading  mechanism  and  a very  soft  blade  has 
potentially  undesirable  side  effects,  such  as  coupling  of  torsion  and 
first  flatwise  bending  modes,  proximity  of  the  torsion  mode  to  2P  and  3P 
resonances,  and  increased  susceptibility  to  the  track  and  balance  problems 
which  result  from  b lade-to-bl ade  differences  in  airfoil  contour.  A real- 
istic estimate  of  the  flexibility  needed  for  ideal  performance  twisting 
was  made  assuming  a typical  loading  mechanism,  a 20-degree  swept  tip  at 
the  90-percent  span  station.  This  loading  mechanism  was  used  in  estimating 
flexibility  requirements  because  it  is  effective  in  producing  the  IP 
lateral  component  of  tip  twist  found  to  be  necessary  for  maximum  L/Qjj. 

Figure  35  compares  the  lateral  component  of  elastic  twist  for  blades  ol 
varying  torsional  stiffness  with  the  ideal  rotor  requirement  at  an  advance 
ratio  of  0.4  and  Cp/o  equal  to  0.085.  Results  show  that  decreasing  out- 
board blade  stiffness  (G.J)  by  a factor  of  five  and  increasing  root 
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torsional  stiffness  (Kp)  results  in  elastic  deflection  of  approximately 
correct  amplitude.  Varying  the  radial  extent  of  the  softened  section  for 
a given  applied  loading  can  be  used  to  achieve  better  agreement  between 
actual  and  desired  twisting  at  specified  spanwise  locations.  Stiffness 
reductions  of  four  or  five  to  one  over  the  outer  20,  40,  and  50  percent  of 
blade  span  are  used  in  the  following  design  cases  as  indicated. 

CAMBER 

Camber  is  a parameter  having  a very  powerful  effect  on  torsional 
response.  The  baseline  rotor  employs  an  SC  1095  airfoil  for  which  the 
below-stall  pitching  moment  coefficient,  cm^ , is  -.025.  The  effects  of 
varying  this  coefficient  from  -.025  to  +.03  were  examined  by  shifting  the 
SC  1095  pitching-moment  data  by  a uniform  amount,  independent  of  angle  of 
attack  and  Mach  number.  Airfoil  lift  and  drag  data  were  assumed  unchanged. 
This  airfoil  representation  may  be  somewhat  unrealistic,  but  it  allows 
identification  of  the  significant  effects  of  camber  without  requiring  a 
detailed  airfoil  design  study.  For  an  unstalled  condition,  magnitudes  of 
local  pitching  moments  induced  by  camber  follow  dynamic  pressure.  As  a 
result,  there  are  strong  steady  and  IP  moments  and  secondary  amounts  of  2P 
moment.  The  IP  moment  can  be  such  as  to  twist  advancing  blades  noseup  or 
nosedown,  depending  upon  the  sign  of  cm^ . Based  on  performance  gains  and 
blade-stress  reductions  anticipated  for  noseup  advancing-blade  twist, 
positive  values  of  cm^  were  extensively  studied.  It  should  also  be  noted 

that  the  increase  with  airspeed  of  the  IP  lateral  twist  prescribed  for 
maintaining  maximum  L/Qp  (Figure  21)  is  compatible  with  a fixed  positive 
value  of  cm  . 

i»o 

Various  magnitudes  and  radial  distributions  of  cmQ  were  examined  for 

combinations  of  torsion  stiffness  and  built-in  twist.  In  general,  negative 
camber  (Fc^^)  had  a strongly  beneficial  effect  on  flatwise  stress  but  a 

detrimental  effect  on  performance.  The  results  of  a representative  noseup 
pitching  moment  case  are  shown  in  Figures  36  through  40.  Figures  36 
through  38  present  surface  plots  of  torsional  response,  angle  of  attack, 
and  airload  distribution.  Distributions  are  shown  at  an  advance  ratio  of 
0.4  and  Cp/o  equal  to  0.085  for  the  baseline  rotor  and  for  a rotor  employing 
cm^  = +.03  over  the  entire  blade.  This  large  positive  value  of  cm ^ is 

studied  to  indicate  the  trends  of  performance  and  rotor  loads  with  camber. 
Achieving  such  a large  effective  camber  would  require  substantial  trail ing- 
edge  tabs  which  would,  of  course,  have  significant  effects  on  airfoil  lift 
and  drag.  The  compliant  design  has  the  built-in  twist  of  the  baseline 
rotor  (-12  degrees)  and  a torsional  stiffness  which,  relative  to  the  base- 
line, is  reduced  by  a factor  of  five  outboard  of  the  60-percent  span 
station.  In  this  case,  the  elastic  twist  induced  by  a positive  cm^ 
includes  a significant  steady  component  (+4.1°)  and  a large  IP  component 
(7.3°),  phased  to  increase  advancing-blade  pitch.  Higher  harmonic  responses 
which  are  also,  present  result  from  stall  on  the  retreating  blade  and 
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transonic  flow  effects  which  create  positive  cm  in  the  first  quadrant. 
Comparison  of  the  surface  plots  of  angle  of  attack  (Figure  37)  and  airload 
(Figure  38)  show  that  positive  cm ^ in  combination  with  reduced  torsional 

stiffness  has  the  general  effect  of  shifting  loading  outboard.  Four 
specific  observations  can  be  made: 

1.  Advancing-blade  lift  is  carried  on  outboard  sections  of  the 
blade . 

2.  Negative  tip  lift  in  the  second  quadrant  is  eliminated. 

3.  Retreating-blade  tip  angle  of  attack  and  loading  are  increased. 

4.  Significant  lift  is  carried  in  the  region  ip  = 340  degrees  to 

= 60  degrees  as  a result  of  local  noseup  elastic  twist. 

The  effect  of  this  redistribution  of  loading  on  performance  is 
illustrated  in  Figure  39.  Azimuthal  contributions  to  blade  torque  for 
baseline  and  positive  cm ^ blades  are  compared.  Torque  is  broken  into  a 

contribution  resulting  from  blade  element  profile  drag  and  a contribution 
resulting  from  blade  element  lift  (induced  drag  and  parasite  drag).  This 
breakdown  identifies  the  success  with  which  profile  drag  torque  is  driven 
to  the  minimum  through  ideal  twisting.  As  shown  in  Figure  39(a),  large 
increases  in  drag  torque  are  experienced  by  the  positive  cm  blade. 

Reference  to  Figure  36(a)  indicates  that  these  losses  result  primarily 
from  the  higher  harmonics  of  elastic  twist  induced  by  negative  camber. 

Noseup  torsional  oscillations  induced  by  retreating-blade  stall  result  in 
large  torque  penalties  (i|i  = 240  degrees,  300  degrees,  and  20  degrees). 
Contributing  to  the  retreating-blade  stall  is  the  fact  that  with  negative 
camber  the  net  hub  moment  resulting  from  blade-root  pitching  moments  is 
positive  (aircraft  noseup).  This  moment  must  be  balanced  by  increasing 
airloading  over  the  aft  portion  of  the  rotor  disc.  In  this  case,  the 
required  increase  in  fourth-quadrant  loading  drives  the  rotor  into  stall. 

In  this  case  (cm  = +.03),  advancing-blade  drag  torque  is  also  increased 
slightly  as  a result  of  excessive  advancing-blade  noseup  twist,  which  places 
advancing-blade  tip  angles  of  attack  above  the  minimum  drag  angle.  For 
smaller  amounts  of  negative  camber  and  IF  twist,  advancing-blade  torque 
savings  were  achieved  but  the  effect  on  total  drag  torque  was  still 
unfavorable.  The  effect  of  camber  on  the  sum  of  induced  and  parasite 
torque  is  shown  in  Figure  39(b).  Penalties  are  indicated  at  the  azimuth 
positions  where  additional  lift  results  from  noseup  twisting.  Second- 
quadrant  power  savings  apparently  result  from  induced  power  savings 
achieved  by  carrying  lift  at  outboard  blade  stations  where  inflow  angles 
are  smaller. 

The  redistribution  of  airloads  shown  above  had  a very  favorable 
effect  on  blade  flatwise  stress  as  illustrated  in  figure  40.  Second- 
quadrant  airloads  for  the  baseline  rotor  are  positive  out  to  approximately 
90-percent  radius,  and  negative  at  the  tip.  This  distribution  excites  a 
large  response  of  the  first  blade  bending  mode.  The  positive  cm  blade 
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reduces  inboard  uploading  and  eliminates  tip  downloading.  As  a result, 
second-quadrant  bending  moments  are  significantly  reduced.  In  this  case, 
peak-to-peak  bending  moments  were  reduced  by  45  percent. 

Figure  41  presents  the  variation  of  blade  vibratory  stress  and  power 
for  a range  of  cm^  at  the  p = 0.4,  C'l/o  = 0.085  flight  condition.  Data 
are  shown  for  the  reference  rotor  and  for  a rotor  blade  having  one-fifth 
the  torsional  stiffness  of  the  reference  rotor  outboard  of  the  60-percent 
radial  station.  Figure  41(a)  shows  that  the  independent  effect  of  reducing 
torsional  stiffness  while  holding  the  SC  1095  camber  is  to  increase  stress. 
The  independent  effect  of  increasing  cm ^ is  to  reduce  stress.  Power  data 

are  shown  in  Figure  41(b).  Increases  in  cm  for  the  reduced  stiffness 
blade  first  improve  and  then  degrade  performance.  Although  amplitudes  of 
IP  lateral  twisting  approximately  equal  to  those  prescribed  for  maximum 
L/Qp  are  achieved  for  cm  in  the  range  from  +.015  to  +.03,  total  power  is 
not  reduced  below  that  of  the  baseline  blade  for  two  reasons:  first, 
undesirable  higher  harmonics  of  pitch  response  are  excited;  second,  the 
introduction  of  positive  pitching  moment  reduces  the  magnitude  of  the 
steady  negative  twist.  In  order  to  create  a closer  match  between  actual 
and  ideal  steady  twist,  increases  in  built-in  twist  were  explored  for 
positive  cm^  blades.  Results  shown  in  Figure  42(a)  indicate  that  increasing 

built-in  twist  does  reduce  power  requirements,  although  not  below  that 
of  the  baseline.  The  inevitable  effect  of  increased  built-in  twist  is 
to  increase  maximum  blade  stress  (Figure  42(b)). 

TIP  SWEEP 

CH-53D  test  data  analyzed  earlier  indicated  the  potential  of  tip 
sweep  for  reducing  both  blade  stress  and  control  loads.  A favorable 
effect  of  sweep  on  performance  was  also  predicted  with  the  Normal  Modes 
Blade  Aeroelastic  Response  Analysis.  The  elastic  twist  induced  by  tip 
sweep  is  proportional  to  tip  airload.  As  such,  a steady  nosedown  twist 
and  a IP  twist  which  tends  to  be  noseup  on  the  advancing  blade  and  nose- 
down  on  the  retreating  blade  are  the  primary  characteristics  of  the 
response.  Tip  sweep  on  a blade  of  sufficiently  reduced  torsional  stiffness 
can  be  expected  to  act  as  a feedback  mechanism  which  drives  advancing- 
blade  tip  loading,  angle  of  attack,  and  drag  to  minimum  values. 

The  first  area  of  interest  in  examining  sweep  was  to  define  the 
optimal  combination  of  the  angle  and  spanwise  position  of  the  sweep.  Both 
the  CH-53D  and  YUH-60A  blades  employ  20  degrees  of  sweep  at  the  95-percent 
radius  position.  Reference  6 reports  on  tests  of  a compliant  model  rotor 
which  had  10  degrees  of  tip  sweep  starting  at  the  65-percent  span  station. 
Analysis  was  conducted  at  an  advance  ratio  of  0.4  and  Cg/o  equ.  ' to  0.085 
for  blades  having  10  and  20  degrees  of  sweep  at  the  90-percent  stat ion, 
and  for  blades  having  10  degrees  of  sweep  .it  80-  and  70-percent  radius.  A 
blade  employing  the  baseline  twist  distribution  and  a torsional  stiffness 
reduced  by  a factor  of  five  outboard  of  60-percent  radial  position  was 
considered.  Tip  region  chordwise  center  of  gravity  was  assumed  to  be 
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maintained  at  the  elastic  axis.  Effects  of  varying  the  angle  of  sweep  at 
the  90-percent  radius  position  are  shown  in  Figure  43.  Increasing  sweep 
has  favorable  effects  on  performance,  maximum  blade  stress  and  vibratory 
pushrod  load.  A slightly  adverse  effect  on  4P  hub  moments  is  indicated 
by  an  increase  in  3P  rotating  system  vertical  shear  forces.  Corresponding 
effects  of  varying  the  position  at  which  the  sweep  begins  for  a fixed 
sweep  angle  are  shown  in  Figure  44.  Moving  the  sweep  coordinate  inboard 
from  90-  to  80-percent  radius  has  a slightly  beneficial  effect  on  perfor- 
mance, but  adverse  effects  on  blade  stress,  control  loads,  and  vibration. 
Converged  results  could  not  be  obtained  for  blades  having  10  degrees  of 
sweep  at  70-percent  radius.  Extremely  large  retreating-blade  negative 
twisting  prevented  the  achievement  of  a trimmed  condition  with  this  design. 
Based  on  these  data,  a 20-degree  swept  tip  at  the  0.9R  station  is  the  most 
promising  candidate. 

The  means  by  which  tip  sweep  relieves  power  requirements  is  illustrated 
in  Figures  45  and  46.  Figure  45  compares  contributions  to  drag  torque  for 
the  straight  and  20-degree  swept-tip  blades  shown  in  Figure  43.  The 
unswept  blade  suffers  significant  advancing  blade  drag  torque  penalties. 

It  should  be  pointed  out  that  the  version  of  the  Normal  Modes  Blade  Aero- 
elastic  Response  Analysis  being  used  does  not  account  for  the  relieving 
effect  of  sweep  on  drag  divergence.  Drag  torque  reductions  shown  in 
Figure  45(a)  are,  therefore,  a direct  result  of  compliance.  In  Figure  46, 
advaneing-blade  angles  of  attack  for  the  two  cases  are  compared  with  the 
angle  of  attack  for  which  c(]  exceeds  its  minimum  value  at  the  local  Mach 
number  by  10  percent.  By  virture  of  decreased  twist,  the  swept-tip  blade 
achieves  angles  of  attack  which  maintain  drag  within  10  percent  of  the 
min imum . 

A number  of  combinations  of  built-in  twist  and  radial  stiffness 
distribution  were  examined  for  blades  with  20  degrees  of  tip  sweep  at  90- 
percent  radius.  The  analysis  was  conducted  at  p = 0.3  and  Cp/<J  = 0.10, 
and  p = 0.4  and  Cp/cs  = 0.085.  Performance  was  generally  Improved  over 
that  of  the  reference  rotor.  Rotor  equivalent  drag  was  reduced  by  from  2 
to  7 percent.  Baseline  rotor  pushrod  loads  were  reduced  by  as  much  as  50 
percent,  primarily  as  a result  of  reducing  IP  components.  Small  reductions 
in  bLade  stress  (Less  than  10  percent)  were  generally  predicted.  Figures 
47  through  49  illustrate  the  effects  of  tip  sweep  on  rotor  loading  and 
blade  response.  The  swept-tip  compliant  design  shown,  which  includes  -9 
degrees  of  twist,  a four-to-one  stiffness  reduction  outboard  of  50-percent 
radius  and  an  SC  1095  airfoil,  offered  a 7-perccnt  reduction  in  rotor 
equivalent  drag  (100  horsepower)  at  this  flight  condition  (p  = 0.4  and 
Cp/O  = 0.085).  Figures  47  and  48  present  surface  plots  of  aerodynamic 
pitching  moment  and  blade  torsional  response  for  the  swept-tip  design. 

The  torsional  response  distribution  includes  a steady  nosedown  twist  and  a 
IP  component  which  reduces  advanc ing-blade  twist  and  increases  retreating- 
blade  twist.  Unlike  the  elastic  twist  resulting  from  negative  camber 
(Figure  36),  the  twist  induced  by  sweep  is  free  of  higher  harmonic  responses. 
The  performance  saving  resulted  from  a close  match  between  actual  and 
maximum  L/Qp  twist.  Although  the  swept  tip  tends  to  reduce  second-quadrant 
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tip  downloads  (Figure  49),  this  causes  only  a small  reduction  in  the 
excitation  of  first  flatwise  mode  b *nding  in  the  second  quadrant.  Unlike 
negative  camber  for  which  positive  second-quadrant  elastic  twist  shifted 
airloads  to  the  tip  and  reduced  first-mode  bending  (Figures  36-39),  tip 
sweep  achieved  only  a small  reduction  in  twist  relative  to  the  reference 
rotor.  As  a result,  peak-to-peak  flatwise  stresses  were  only  reduced  by 
10  percent. 

CH0RDW1SE  LOCATION  OF  BLADE  ELASTIC  /AXIS  AND  AERODYNAMIC  CENTER 


Variations  in  the  relative  chordwise  positions  of  aerodynamic  center, 
mass  and  elastic  axes  were  examined.  The  blade  response  analysis  treats 
arbitrary  spanwise  distributions  of  center-of-grav ity  and  aerodynamic 
center  position.  The  blade  elastic  axis  is  assumed  to  be  straight  and 
coincident  with  the  pitch  axis.  Reference  8 describes  earlier  study  of 
the  effects  of  axis  placement  on  performance  and  blade  loads.  Results  of 
that  work  showed  that  offset  of  the  aerodynamic  center  from  coincident 
elastic  and  mass  axes  has  strong  effects  on  torsional  response.  A 5 
percent  of  chord  aft  shift  of  the  aerodynamic  center  caused  a IP  lateral 
twisting,  which  was  predicted  to  improve  the  performance  and  reduce  the 
high-frequency  control  loads  of  the  CH-53A.  No  beneficial  effects  of  mass 
offset  on  performance  or  rotor  loads  were  found.  Similar  uniform  spanwise 
offsets  of  blade  axes  were  considered  for  reduced  torsional  stiffness 
compliant  rotor  designs.  No  significant  performance  or  rotor-load  benefits 
were  found.  Inability  to  improve  performance  resulted  in  part  from  not 
concentrating  twisting  in  the  tip  region,  as  prescribed  for  minimum-drag 
torque . 

Twisting  moments  induced  by  lift  offset  from  the  elastic  axis  are 
proportional  to  local  lift.  Tip  airloads  are  primarily  IP.  Inboard  blade 
positions,  however,  experience  substantial  2P  airload  components  as  shown 
in  Figure  50  which  presents  reference  rotor  airload  time  histories  at  two 
flight  conditions.  The  possibility  of  using  these  airloads  to  induce 
favorable  2P  elastic  twisting  was  examined.  This  effort  represents  a 
departure  from  the  previous  studies,  in  which  the  goal  has  been  to  match 
the  radial  distribution  of  IP  twist  prescribed  to  minimize  the  drag  torque 
of  a rotor  having  the  azimuthal  distribution  of  lift  calculated  for  the 
reference  rotor.  The  potential  performance  benefits  of  applying  2P  cyclic 
pitch  at  the  blade  root  have  been  demonstrated  by  a number  of  analytical 
and  experimental  programs  (References  3,  4,  6 and  11).  The  study  of  2P 
elastic  pitch  began  by  running  the  blade  response  analysis  with  die  torsional 
degree  of  freedom  replaced  by  a specified  distribution  of  torsional 
response.  Elastic  pitching  distributed  radially  in  proportion  to  the 
torsional  mode  shape  and  azimuthally  at  a frequency  of  2P  was  prescribed 
in  the  analysis.  Various  amplitudes  and  phases  of  tip  2P  twisting  were 
studied.  In  each  case,  induced  velocity  distributions  were  recalculated 
to  ensure  accurate  modeling  of  induced  power  effects.  Results  showed  that 
at  172  knots  and  19,750  lb  of  lift,  2 degrees  of  21’  elastic  pitch  phased 
to  increase  over  the  nose  and  tail  (^tip  = cos  2^)  gave  a performance 


benefit  ol  8 percent.  Reductions  in  rotor  equivalent  drag  of  approxi- 
mately 12  percent  were  predicted  at  130  knots  and  23,230  lb  of  lift,  with 
approximately  1 degree  of  2P  tip  twist.  The  midspan  airloads  shown  in 
Figure  50  are  approximately  in  phase  with  this  elastic  twist.  The  aero- 
dynamic center  muse,  therefore,  be  placed  ahead  of  the  elastic  axis  in 
this  span  range  in  order  to  achieve  the  desired  twisting.  Designs  were 
considered  which  employ  aerodynamic  centers  10,  15,  and  20  percent  of  the 
chord  forward  of  the  elastic  axis  for  portions  of  the  region  between 
50-  and  90-percent  radius.  Without  tip  sweep,  the  forward  aerodynamic 
center  blades  were  subject  to  an  instability  involving  coupling  of  blade 
torsion  and  flatwise  bending.  Addition  of  a 20-degree  swept  tip  at  the 
90-percent  radius  station  precluded  any  unstable  response.  2P  torsional 
response  was  enhanced  by  decreasing  torsional  stiffness  outboard  of  50- 
percent  radius  and  reducing  control-system  stiffness.  The  uncoupled 
torsion  mode  frequency  was  3.5P.  A design  employing  further  stiffness 
reductions  which  placed  the  torsional  frequency  at  2.5P  was  considered 
briefly,  in  an  attempt  to  amplify  2P  response.  In  this  case,  however, 
large-amplitude  IP  and  2P  responses  made  it  difficult  to  achieve  trimmed 
analytic  solutions. 

Figures  51  and  52  illustrate  the  airloads  and  response  of  blades 
having  the  aerodynamic  center  15  percent  of  the  chord  forward  of  the 
elastic  axis,  from  60-  to  80-percent  radius.  The  elastic  twist  achieved 
by  this  design  is  compared  in  Figure  51(a)  to  that  of  a blade  having  the 
same  stiffness  and  tip  sweep  but  without  the  forward  aerodynamic  center. 
The  difference  between  the  two  curves  (Figure  51(b))  shows  the  effective- 
ness of  the  forward  aerodynamic  center  in  producing  2P  response.  The 
airload  distributions  of  the  forward  aerodynamic  center  and  swept-tip 
blades  are  compared  in  Figure  52.  Increases  in  loading  over  the  front  of 
the  disc  are  balanced  as  far  as  rotor  pitching  moment  by  increases  at 
i = 340  degrees  and  ip  = 40  degrees.  Lift  is  decreased  abruptly  in  the 
azimuth  range  from  60  to  120  degrees  and  gradually  on  the  retreating  side 
of  the  disc.  Rotor  equivalent  drag  was  reduced  by  approximately  5 percent 
in  this  case.  As  a result  of  increasing  outboard  airloads  in  the  second 
quadrant  flatwise  stress  was  reduced  by  approximately  20  percent  relative 
to  the  baseline  rotor.  Vibratory  control  loads  were  increased  by  10 
percent  as  a result  of  noseup  advane  ing-b 1 ade  twisting  moments  produced  by 
negative  tip  lift.  Some  reduction  in  these  lift-induced  control  loads 
could  be  achieved  in  designing  a compliant  rotor  blade,  by  moving  the 
local  elastic  axis  aft  of  the  aerodynamic  center  and  pitch  axis,  rather 
than  moving  the  aerodynamic  center  forward.  In  this  way,  local  beneficial 
twisting  could  be  induced  without  having  large  offsets  of  the  lift  and 
feathering  axes.  The  version  of  the  normal  modes  analysis  being  used  does 
not  model  offset  of  feathering  and  elastic  axes.  4P  vertical  shear  forces 
and  hub  moments  were  increased  by  from  10  to  80  percent  as  a result  ol  the 
increases  in  3,  4 and  5P  airload  components  which  result  from  the  increase 
in  oscillatory  blade  pitching  motion.  The  attributes  of  blades  having 
midspan  aerodynamic  centers  forward  of  the  elastic  axis  will  be  described 
further  in  the  following  section  which  selects  two  optimal  compliant  rotor 
designs  based  on  the  parametric  data  generated  to  this  point,  and  evaluate 
flight  characteristics  in  hover  and  throughout  the  forward-flight  envelope 


SELECTION  OF  OPTIMAL  COMPLIANT  KOTOR  DESIGNS 


Compliant  designs  based  on  three  loading  mechanisms — camber,  tip 
sweep,  and  midspan  aerodynamic  center-elastic  axis  offset — have  been 
explored.  Torsional  stiffness  and  twist  distributions  compatible  with 
each  design  have  been  estab fished.  The  remaining  tusk  is  to  explore 
combinations  ot  the  primary  parameters  which  yield  greatest  overall  perfor- 
mance benefits  and  load  reductions.  Two  optimal  compliant  designs  are  to 
be  selected  which  are  suitable  for  wind  tunnel  verification  testing.  The 
procedure  used  to  select  optimal  designs  was  first  to  calculate  blade 
loads  and  performance  lor  combinations  of  the  independent  parameters  (tip 
sweep  and  camber,  for  example).  Second,  a penalty  function  involving  a 
weighted  combination  ot  the  various  load  and  performance  indices  was  used 
to  evaluate  the  candidate  designs.  The  primary  emphasis  was  on  performance 
improvement  and  load  reduction  in  forward  flight.  Hover  performance  of 
design  candidates  was  also  determined  and  evaluated  in  selecting  final 
des igns . 

Two  parameters  which  offer  complementary  benefits  are  camber  and  tip 

sweep.  Parametric  data  showed  that  negat ivi  camber  reduced  stress  and  Lip 

sweep  improved  performance.  The  combination  of  the  two  which  produces  the 

greatest  overall  benefits  was  sought.  Nine  combinations  of  sweep  angle  at 

the  90-percent  radius  and  below  stall  pitching  moment  coefficient,  cm  , 

o 

were  examined  at  an  advance  ratio  of  0.4  and  blade  loading  equal  to  0.085. 
cm  values  of--025,  +.015,  and  +.03  and  sweep  angles  of  0,  10,  and  20 

degrees  were  considered.  A blade  having  one-fifth  the  torsional  stiffness 
of  the  baseline  outboard  of  the  60-percent  radius  was  assumed.  Signi- 
ficant results  are  shown  in  Figures  53  through  55.  The  effects  of  sweep 
and  camber  on  power,  maximum  flatwise  stress,  vibratory  pushrod  load, 
average  4P  servo  load,  and  3P  rotating  vertical  shear  force  are  illustrated 
using  three-dimensional  surface  plots.  These  response  surfaces  were 
generated  by  performing  a polynominal  curve  fit  to  the  nine  data  points 
and  evaluating  the  polynominal  at  evenly  spaced  grid  points.  The  following 
observations  can  be  made: 

1.  The  effects  of  sweep  and  camber  on  power  are  nonlinear;  increasing 

sweep  is  favorable  for  cm  = -.025  and  +.03  but  unfavorable  for 

o 

intermediate  cm(j • 

2.  Positive  camber  does  not  achieve  as  large  a reduction  in  stress 
on  the  swept  blades  as  it  does  on  the  unswept  blades. 

3.  Vibratory  pushrod  loads  tend  to  be  reduced  by  tip  sweep  and/or 
positive  camber. 

4.  Average  4P  servo  load  is  reduced  by  increasing  positive  camber. 
The  minimum  occurs  with  20  degrees  of  tip  sweep  and  the  St  1093 
a ir foil . 

5.  Minimum  3P  rotating  system  vertical  shears  are  achieved  with 
unswept  positive  camber  blades. 
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In  view  of  the  somewhat  conflicting  effects  of  sweep  and  camber  on 
power,  stress,  control  loads,  and  vibration,  it  is  clear  that  the  selection 
of  an  optimaL  configuration  depends  entirely  on  the  relative  importance  of 
the  various  loads.  Specific  mission  requirements  would  dictate  the  most 
crucial  factors  and  the  optimal  design.  The  relative  merits  of  the 
possible  designs  were  explored  by  evaluating  penalty  functions  made  up  of 
weighted  sums  of  the  five  loads  shown  above.  A number  of  weighting  coef- 
ficient sets  were  used.  Variations  of  three  typical  penalty  functions  are 
illustrated  in  Figure  56.  The  penalty  function  weighting  coefficients  and 
the  equivalent  amounts  of  the  five  loads  are  indicated.  Penalty  functions 
are  normalized  to  a minimum  value  of  1.0.  The  function  shown  in  Figure 
56(a)  places  equal  weight  on  reducing  each  of  the  loads  by  the  maximum 
amount  shown  to  be  possible  in  the  parametric  studies.  In  this  case,  the 
minimum  of  the  penalty  function  occurs  for  a blade  with  20  degrees  of  tip 
sweep  and  cm^  equal  to  -.025.  The  second  penalty  function  (Figure  56(b)) 
assumes  that  blade  and  control-system  loads  are  below  endurance  levels  and 
minimizes  power  and  vibratory  hub  force.  Again,  a positive  camber  swept- 
tip  blade  is  one  of  the  optimal  solutions.  Only  when  a very  heavy  weighting 
is  placed  on  stress,  such  as  in  Figure  56(c),  does  a blade  with  negative 
camber  become  the  design  solution.  Based  on  these  indications  a blade 
with  an  SC  1095  airfoil  and  20  degrees  of  tip  sweep  was  selected.  Final 
iterations  on  the  radial  distribution  of  torsional  stiffness  and  on  built- 
in  twist  yielded  a design  with  one-fourth  the  torsional  stiffness  of  the 
baseline  outboard  of  50-percent  radius  and  -9  degrees  of  twist.  Figure  57 
illustrates  the  planform,  stiffness,  and  twist  distributions  of  this  first 
compliant  rotor.  Figure  58  compares  the  performance  and  rotor  loads  of 
this  compliant  design  with  those  of  the  baseline  rotor  for  a range  of 
operating  conditions.  Required  power  is  reduced  by  100  hp  at  the  p = 0.4 
and  Cl /o  = 0.085  condition,  and  by  200  hp  at  the  p = 0.3  and  Cl /cj  = 0.115 
condition  but  is  not  reduced  at  the  two  other  conditions  shown.  Favorable 
effects  on  stress  and  control  loads  are  shown.  Vibratory  hub  moments  are 
reduced  at  a p of  0.3,  but  increased  at  a p of  0.4.  The  impact  of  this 
design  on  the  flight  limits  of  the  reference  rotor  (Figure  4)  was  also 
examined.  Figure  59  shows  that  the  operating  limits  based  on  power, 
stress,  and  control  loads  are  expanded  with  the  swept-tip  compliant  design. 

The  second  compliant  design  selected  was  one  which  improved  perfor- 
mance by  producing  2P  elastic  pitching.  A number  of  design  cases  were 
considered,  which  varied  the  tip  sweep  and  camber  of  a blade  having  its 
midspan  aerodynamic  center  forward  of  its  elastic  axis.  Twenty  degrees  of 
tip  sweep  at  90-percent  radius  were  required  for  stability.  Application 
of  negative  camber  tended  to  reduce  blade  stress  but  degrade  performance. 

A final  design  was  chosen  which  has  the  twist  and  stiffness  distributions 
of  the  swept-tip  design  described  above  and  an  aerodynamic  cent  er  15 
percent  of  the  baseline  chord  ahead  of  the  elastic  axis  from  63-  to  86- 
percent  radius.  The  characteristics  of  this  design  are  included  in  Figure 
57.  Figure  60  illustrates  the  effect  of  the  offset  airloading  on  perfor- 
mance and  loads.  Significant  power  savings  are  predicted  at  p = 0.3, 
especially  at  Cl /o  = 0.115,  at  which  the  baseline  rotor  is  stalled. 

Stresses  are  generally  reduced  more  with  this  design  than  with  design  It  1. 
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I’u.shrod  loads,  however,  are  not  significantly  reduced  and  vibratory  JI* 
root  shears  are  substantially  increased  .it  the  0.  advance  rat  i.  . if. 
increased  shear  forces  result  from  increases  in  31’  airloads  induced  1 
and  11’  blade  pitching.  The  effects  of  these  trends  on  absolute  i 1 i .'.lit 
limits  are  shown  for  design  #2  in  Figure  61.  Power  and  stress  bound. n 
are  expanded;  the  boundary  determined  bv  vibration  is  contract. d.  Who’  i 
or  not  the  vibratory  hub  loads  present  a significant  boundary  is  entireH 
dependent  on  airframe  design  and  vibration  control  devices. 

The  final  measure  of  compliant  rotor  forward-! light  behavior  to  |>o 
examined  was  noise.  The  rotor  noise  prediction  program  was  used  t 
calculate  PNL  for  the  compliant  rotors  performing  a 2 30- f t altitude 
flyover  at  - .4  and  Cj./o  = 0.085  (172  knots  and  L9 , 7 >0  lb  of  Lift), 
shown  in  Figure  62,  both  compliant  designs  are  quieter  than  the  basi  l i . 
in  the  far  field  (2000-to-500-f t separation).  During  this  portion  oi  the 
approach,  the  observer  is  approximately  in  the  plane  ol  the  rotor,  and 
perceived  noise  levels  are  dominated  by  advanc ing-bl ade  impul:  ive  oise. 
The  compliant  rotors  achieve  noise  reductions  partially  as  a result  of 
unloading  advancing  blades  through  compliant  twisting  and  partially  is  t 
direct  result  of  the  effect  of  sweep  on  drag.  Overhead,  compliant  rotoi 
design  if 2 is  louder  than  the  baseline.  In  this  case,  I sc  I’M.  i . dominated 
bv  broadband  noise  which  is  sensitive  to  blade  twist.  At  this  I light 
condition,  the  mean  twist  (built-in  plus  average  elastic  lu  i si ) ot  Ihi 
design  is  less  than  that  of  the  baseline. 

Hover  performance  of  the  two  compliant  designs  was  compared  to  that 
of  the  reference  rotor.  One  of  the  goals  of  fhe  compliant  rotor  is  to 
achieve  improved  hover  performance  by  increasing  twist  through  elastic 
windup  rather  than  bv  increasing  built-in  twist  which  introduces  large 
bending  moments  in  forward  f Light.  Figure  63  presents  the  trend  oi  hover 
figure  of  merit  with  linear  iwist  angle  at  C|7o  = 0.1.  The  figures  ol 
merit  and  equivalent  Linear  twist  values  ot  the  reference  rotor  and  the 
two  compliant  rotors  are  also  shown.  The  baseline  rotor  has  a built-in 
twist  of  -12  degrees,  and  the  compliant  designs  employ  approximately  -9 
degrees  of  twist.  As  shown,  the  elastic  windup  of  the  torsional  ly  sol t 
swept-t Lp  blades  allows  them  to  achieve  approximately  peak  theoretical 
I igure  ot  merit  values. 


17 


CUM  I I S IONS 


Optimization  analysis  shows  ihat  torsional  response  which  reduces 
advanring-blade  twist  improves  per t ormance  by  minimizing  profile  drag 
torque. 


Results  based  on  uniform  inflow  and  steady  aerodynamics  indicate 
that  relative  to  a noncompliant  baseline,  10-  to  20-percent 
improvements  in  rotor  L/D  can  be  achieved  with  from  4 to  7 
degrees  of  11’  elastic  twisting. 


The  effect  of  including  an  unsteady  aerodynamic  model  in  the 
calculation  of  performance  is  to  improve  performance  of  the 
baseline  rotor  and  thereby  cut  the  predicted  benefits  available 
through  compliance  approximately  in  half. 


Model  and  lull-scale  test  data  show  beneficial  effects  oi  IP  lateral 
twisting,  which  decreases  advancing  blade  twist  and  increases  retreat- 
ing blade  twist. 

• 9-foot  di.ire'.  er  model  tests  of  conventional  stiffness  blades 
show  l i-.aricnt  reductions  in  power  required  with  2 degrees  of 
lateral  elastic  twisting. 

• lest  data  for  model  blades  of  differing  torsional  stiffnesses 
and  for  full-scale  swept-tip  blades  show  that  increasing  re- 
treating-blade twist  reduces  vibratory  control  loads. 

• Swept-tip  blade  flight  test  data  shows  that  15-  to  20-percent 
reductions  in  blade  stress  result  from  decreasing  advancing- 
blade  twist. 

• The  beneficial  effects  of  tip  sweep  on  control  loads  and  blade 
stress  are  reliably  predicted  by  the  Normal  Modes  Blade  Aero- 
elastic  Analysis. 

Negative  airfoil  camber  effectively  reduces  blade  flatwise  bending 
moments,  but  generally  degrades  performance.  The  performance  penalty 
results  primarily  from  inducing  2P  and  3P  elastic  twisting  of  undesir- 
able phase. 

Tip  sweep  applied  to  a blade  of  reduced  outboard  torsional  stiffness 
achieves  Improved  performance  by  virtue  of  a redistribution  of  air- 
loads, which  reduces  advanc ing-blade  profile  drag  torque  and  retreating- 
blade  induced  drag  torque.  The  magnitude  of  the  power  savings  is 
approximately  two-thirds  of  that  predicted  lor  an  ideal  rotor  achieving 
minimum  profile  drag  torque.  Large  reductions  in  control  loads  (as 
much  as  50-percent  reductions  in  vibratory  pushrod  load)  and  modest 
reductions  in  blade  stress  (less  than  10  percent)  are  accomplished 
with  tip  sweep. 
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Placement  • •{  the  blade  aerodynamic,  center  forward  of  the  elastic  axis 
in  the  span  range  from  60-  to  90-percent  radius,  in  combination  with 
tip  sweep  required  for  stability,  produces  2P  elastic  pitching  which 
improves  performance.  Vibratory  hub  forces  are  generally  increased 
by  the  introduction  ot  this  higher  harmonic  pitching. 


Swept-tip  compliant  rotor  designs  which  improve  forward  flight  perfur 
mance  and  reduce  flatwise  stress  also  improve  hover  performance  hv 
inducing  Largt  > Last  ic  windup.  Approximately  20  degrees  •:  . last  Li 
windup  results  in  figure  of  merit  values  of  0.76  at  a blade  load  in.- 
ot  0.1. 


Kir,  mmi.nua  1'Ions 


Tlu  analyst  of  u 'pliant  rotor  design  parameters  conducted  herein 
should  . expanded  to  Include  additional  key  parameters  such  as  tip 
L,  radius,  and  tip  geometry.  In  particular,  the  effec- 
tive iu-  a as  iiig  v unpliance  to  increase  the  lifting  capability  of 
reduced  tip  speed  rotors  should  bt  examined.  The  potential  perfor- 
mance and  a.  oust i e bend  its  of  these  designs  should  be  quantified. 

Model  tests  should  be  conducted  to  substantiate  the  trends  predicted 
for  reduce!  torsional  stiffness  blades  employing  tip  sweep  and 
noncoin. ident  . rodynamic  center  and  elastic  axes  in  the  mid-span 
region.  M del  in.  ults  will  also  provide  data  useful  in  evaluating 
tin  ..it  jua.  v e .1  a ing  response  and  performance  analyses  for 
predict  nt  compliant  rotor  behavior. 

An  anal. si  should  be  conducted  to  define  the  effectiveness  of  a 
comp] iant  r tor  in  sat i si y ing  the  requirements  of  a specific  Army 
• : . ion.  An  analysis  i • t risk  areas  such  as  maneuvering  flight, 
handline  qualities,  sensitivity  to  blade— to-blade  differences  (manufac- 
turin'.' differencts  is  well  as  field  damage),  and  blade  combat  damage 
tolerance  so  Id  be  included.  The  economic  trade-offs  between  compli- 
ant and  cmv.  entiona  1 rotors  in  terms  of  manufacturing  and  operating 
cost  should  be  evaluated. 

i hi  re  cut  airload  optimization  analysis  which  prescribes  twisting 
, - 1.  i mum-prof ile  drag  torque  based  on  steady  aerodynamics  should 
be  ex i mded  to  include  the  effects  of  induced  drag  and  unsteady 

aerodynamics . 
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Model  Rotor  Performance  Data  at  ti=0.'3. 
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Figure  18. 


Kffeet  of  Negative  Camber  on  the  Distrihut ion  of  Airload 
.it  ii=0.4  and  ('  /o=0.08S. 
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APPENDIX  A 


ANALYTIC  METHODS 


2 accuracy  of  the  results  and  conclusions  presented  herein  hinges 
iccuracy  of  the  various  analytic  models  used  in  the  investigation. 
Lyses  used  in  the  this  study,  although  they  are  undergoing  continual 
;nt,  reflect  the  state  of  the  art,  and  based  on  past  correlation 
, are  judged  to  be  reliable.  Specific  assumptions  implicit  in  the 
> must,  however,  be  borne  in  mind  in  assessing  the  quantitative 
r of  predicted  results.  The  principal  analyses  used  in  this  study 
:ribed  below. 

Lzed  Rotor  Performance  Analysis  (G RP) 

i Generalized  Rotor  Performance  Analysis  is  Sikorsky's  standard 
:or  predicting  rotor  forward-flight  performance.  Reference  14 
;s  the  analysis  in  detail.  This  analysis  calculates  rigid  blade 
; and  lead-lag  response  through  timewise  integration  of  the  blade 
is  of  motion.  Blade  torsional  response  is  not  modeled.  Aero- 
loading  is  calculated,  based  on  a segmented  lifting  line  represen- 
>f  the  blade.  The  analysis  uses  tabulated  airfoil  data  and  treats 
:ompressibility , and  three-dimensional  flow  effects  in  the  calcu- 
)f  rotor  performance.  Two-dimensional  flow  was  assumed  in  the 
application  to  be  consistent  with  the  Normal  Modes  Blade  Aero- 
Analysis  and  the  Airload  Optimization  Analysis,  which  use  two- 
>nal  aerodynamic  representations.  When  used  to  establish  perform- 
■nds  in  preliminary  design  studies,  GRP  is  run  with  a uniform 
letermined  from  momentum  considerations.  When  detailed  results  are 

the  analysis  is  performed  using  variable  inflow,  obtained  through 
c iteration  with  the  Prescribed  Wake  Inflow  Analysis. 

ed  Wake  Inflow  Analysis 

UTRC  Prescribed  Wake  Inflow  Analysis  (Reference  15)  calculates 
ribution  of  rotor  inflow,  based  on  a prescribed  wake  model, 
operating  conditions  are  prescribed  from  blade  motion  and  pitch- 
ta,  determined  either  by  GRP  or  the  normal  modes  blade  response 
This  program  can  be  run  separately  or  automatically  coupled 


ner,  W.  H. , GENERALIZED  ROTOR  PERFORMANCE  METHOD,  Engineering 
art  SF.R-50J04,  Sikorsky  Aircraft  Division,  United  Technologies 
poration,  May  1964 

igrebe , A.  .J . , AN  ANALYTICAL  METHOD  FOR  PREDICTING  ROTOR  WAKE 
•1F.TRY , Journo  1 of  the  American  Helicopter  Society,  Vol.  14, 

4,  October  1969,  pp.  20-32 
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with  either  the  GRP  or  normal  modes  programs.  The  analysis  represents 
each  blade  by  a segmented  lifting  line  and  the  helical  wake  of  the  rotor 
by  discrete  segmented  trailing  vortex  filaments.  Blade  loading  and  circu- 
lation distributions  are  calculated  based  on  section  operating  conditions 
and  section  lift  coefficient  data.  The  strengths  of  the  trailing  vortex 
elements  are  then  determined,  based  on  the  spanwise  variation  in  bound 
circulation.  The  contributions  of  each  of  the  trailing  vortex  segments  to 
induced  velocity  at  each  blade  position  is  calculated,  using  the  Biot- 
Savart  law.  The  solution  proceeds  until  the  bound  circulation  distri- 
bution, the  strength  of  the  trailing  vortex  elements,  and  the  induced 
velocity  distribution  are  compatible.  A feature  recently  added  to  the 
analysis  which  is  valuable  in  analyzing  compliant  rotor  behavior  is  the 
inclusion  of  all  harmonics  of  blade  torsional  response  calculated  by  the 
normal  modes  analysis  in  the  calculations  of  induced  velocities.  The 
treatment  of  exact  torsional  response  in  calculating  blade  circulation  and 
induced  velocities  increases  the  reliability  of  compliant  rotor  performance, 
blade  stress,  and  control  load  predictions. 

Normal  Modes  Blade  Aeroelastic  Analysis 

This  computer  analysis,  which  is  described  in  Reference  16,  solves 
the  fully  coupled  blade  equations  of  motion  by  expanding  them  in  terms  of 
uncoupled  flatwise  edgewise  and  torsional  blade  modes.  The  modal  technique 
facilitates  the  numerical  integration  of  blade  equations  by  minimizing 
dynamic  coupling  terms.  Up  to  five  flatwise,  three  edgewise,  and  two 
torsional  modes  are  considered,  in  addition  to  rigid  body  flap  and  lag. 

Blade  aerodynamics  are  based  on  a lifting  line  representation.  A result 
of  this  assumption  is  the  prediction  of  large  fluctuations  in  blade 
loading  for  close  blade-vortex  passage.  Steady  and  unsteady  two-dimensional 
or  steady  three-dimensional  aerodynamic  models  are  available.  The  unsteady 
two-dimensional  model  described  in  Reference  9 was  used  throughout. 

According  to  this  method,  section  lift  and  pitching  moment  coefficients 
are  assumed  to  be  single-valued  functions  of  angle  of  attack  and  its  first 
two  time  derivatives.  Unsteady  data  measured  on  an  oscillating  NACA  0012 
airfoil  were  used  to  generate  tables  of  c^  and  cm  as  functions  of  nt.  A, 
and  a. 


Procedures  described  in  Reference  8 were  used  to  scale  the  NACA  0012 
data  to  represent  SC  1095  effects.  Steady  drag  data  were  assumed  through- 
out. All  cases  used  variable  inflow,  calculated  with  the  Prescribed  Wake 


16.  Arcidiacono,  P.  J.,  PREDICTION  OF  ROTOR  INSTABILITY  AT  HIGH  FORWARD 
SPEEDS, VOL.  I,  STEADY  FLIGHT  DIFFERENTIAL  EQUATIONS  OF  MOTION  FOR  A 
FLEXIBLE  HELICOPTER  BIADE  WITH  CHORDWISE  MASS  UNBALANCE,  Sikorsky 
Aircraft  Division,  United  Technologies  Corporation;  USAAVLABS 
Technical  Report  68-18A,  U.S.  Army  Aviation  Materiel  Laboratories, 
Fort  Eustis  Virginia,  February  1969,  AD  685860 
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Inflow  Analysis.  Iteration  between  the  inflow  and  response  analyses  was 
conducted  to  establish  compatible  loading  and  inflow  distributions. 


Airload  Optimization  Analysis 

The  Sikorsky  Airload  Optimization  Analysis  determines  distributions 
of  rotor  airloads  which  satisfy  specified  criteria.  The  pitch  and  twist 
distributions  needed  to  satisfy  these  criteria  are  computed.  Criteria 
include  minimization  of  specified  harmonics  of  blade  bending  moments  or 
root  shear  forces  and  minimization  of  rotor  torque.  In  minimizing  harmonics 
of  blade  or  hub  loads,  the  analysis  represents  harmonics  of  structural 
loading  in  terms  of  known  modal  properties  and  unknown  harmonics  of  airload 
at  the  various  radial  positions.  Airload  harmonics  are  computed  which 
drive  stated  harmonics  of  shear  or  moment  to  zero,  subject  to  constraints  on 
rotor  lift,  propulsive  force,  and  trim  moments.  In  seeking  optimal 
performance,  the  airload  analysis  determines  the  radial  distribution  of 
angle  of  attack  which  minimizes  drag  torque  for  fixed  blade  lift.  The 
analysis  is  executed  iteratively,  with  GRP  in  the  case  of  performance 
optimization  and  with  the  normal  modes  blade  response  analysis  in  the  case 
of  loads.  Based  on  a selected  angle  of  attack  distribution  and  control 
and  inflow  angles  calculated  with  the  appropriate  response  analysis, 
required  time-varying  twist  is  determined  and  then  impressed  into  the 
response  solutions.  Airload  optimization  and  response  calculations  proceed 
until  consistent  twist,  airload,  and  inflow  distributions  are  achieved 
which  satisfy  the  stated  criteria.  The  optimization  analysis  uses  steady 
two-dimensional  aerodynamics.  Either  a uniform  or  variable  inflow  model 
can  be  assumed. 

Circulation  Coupled  Hover  Analysis 

The  Circulation  Coupled  Hover  Analysis  Program  (CCHAP) , described  in 
Reference  17 , is  the  method  by  which  hover  performance  is  calculated  at 
Sikorsky  Aircraft.  The  capability  to  predict  the  performance  of  a wide 
variety  of  rotor  configurations  within  2 percent  has  been  demonstrated. 

This  analysis  calculates  rotor  hover  performance  using  prescribed  wake 
lifting  line  theory.  Rotor  load  and  inflow  distributions  are  determined 
simultaneously  by  solving  a Kutta-Joukowski  matrix  consisting  of  the  wake 
influence  coefficients  and  the  local  lift  curve  slopes.  The  wake  influence 
coefficients  used  in  the  matrix  solution  are  obtained  from  a previous 
calculation  which  sums  the  Biot-Savart  influence  of  each  wake  segment  used 
to  represent  a trailing  filament. 


17.  Landgrebe,  A.  J.,  et  al. , AERODYNAMIC  TECHNOLOGY  FOR  ADVANCED  ROTOR- 
CRAFT,  American  Helicopter  Society,  Symposium  on  Rotor  Technology, 
August  1976 
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As  with  all  prescribed  wake  hover  analyses,  the  accuracy  of  the 
calculated  performance  is  dependent  on  the  accuracy  of  the  input  wake 
geometry.  Since  experimental  wake  geometries  are  not  available  for  most 
rotor  geometries,  a procedure  must  be  established  for  specifying  the  rotor 
wake  geometries  for  arbitrary  rotor  designs.  CCHAP  employs  a coupling 
between  the  rotor  load  (or  circulation)  distribution  and  the  rotor  wake 
geometry  which  permits  an  iterative  solution  for  both  the  rotor  loading 
and  the  wake.  The  wake  coupling  expression  was  derived  by  applying  a 
momentum  constraint  to  a simplified,  uncontracted  wake  model  and  then 
matching  the  resulting  equation  to  the  experimental  wake  geometry  data 
described  in  Reference  15. 


LIST  OF  SYMBOLS 


Is 


Is 


bV° 


Ldmin 
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QD 
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fm 


lateral  cyclic  pitch,  positive  for  increased  pitch  at  180  deg 
azimuth,  deg 

number  of  blades 

longitudinal  cyclic  pitch,  positive  for  increased  pitch  at  270 
deg  azimuth,  deg 

blade  profile  drag  torque  parameter 

section  drag  coefficient 

minimum  section  drag  coefficient 

minimum  incompressible  section  drag  coefficient 

section  lift  coefficient 

maximum  section  lift  coefficient 

rotor  lift  coefficient,  L/lTR2p(ilR)  2 

section  pitching  moment  coefficient 

below  stall  section  pitching  moment  coefficient 

rotor  propulsive  force  coefficient,  PF/uR2 p(ilR) ' 

rotor  torque  coefficient  Q/rrR 2 p (S2R ) ‘R 

blade  torque  coefficient,  Q ' /nR"p(i2R)  2R 

blade  profile  drag  torque  coefficient,  Q^/flR*  p(S2R)  * R 

blade  lift  torque  coefficient,  Q /tiR'  p(UR)  ‘ R 

rotor  thrust  coefficient,  T/nR2p(i2R)‘ 

blade  axial  hinge  force  coefficient,  z/nR'p(LR)‘ 

rotor  equivalent  drag,  — -~(Hp-HP„ , lb 

V PAR 

aircraft  equivalent  flat  plate  area,  ft" 

, . 1 CT 

figure  of  merit,  — — - 
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PNL 

PRL 
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x. 
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1’  2, 


S4P 
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3P  rotating  system  axial  hinge  shear  force,  lb 

2 

blade  torsional  stiffness,  lb-in 

2 

baseline  blade  torsional  stiffness,  lb- in 
horsepower 

profile  drag  horsepower 

parasite  horsepower 

root  torsional  stiffness,  in-lb/rad 

baseline  root  torsional  stiffness,  in-lb/rad 

rotor  lift,  lb 

ratio  of  rotor  lift  to  equivalent  drag 
blade  element  lift-to-drag  ratio 
frequency  of  nth  harmonic  of  rotor  speed 
perceived  noise  level,  dB 
pushrod  load,  lb 
rotor  torque,  ft-lb 
instantaneous  blade  torque,  ft-lb 
instantaneous  blade  drag  torque,  ft-lb 
instantaneous  blade  lift  torque,  ft-lb 
rotor  propulsive  force,  lb 
penalty  functions 
normalized  penalty  functions 
radius,  ft 

average  4P  servo  load,  lb 
rotor  thrust,  lb 
airspeed,  ft/sec 
blade  radial  coordinate,  ft 


7. 


blade  vertical  shear  force,  lb 
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tip 


0T 


75 
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M 
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o 


angle  of  attack,  deg 

tirst  time  derivative  of  angle  of  attack,  deg/sec 

2 

second  time  derivative  of  angle  of  attack,  deg/sec“ 

blade  flap  angle,  deg 

blade  linear  twist  angle,  deg 

tip  elastic  twist  angle,  positive  for  noseup  twist,  deg 

11’  sine  elastic  twist  component,  negative  fourier  series,  deg 

IP  cosine  elastic  twist  component,  negative  fourier  series, 
deg 

blade  pitch  angle  at  .75R,  deg 
sweep  angle , deg 
advance  ratio,  V/iiR 
density  of  air,  slug/ft 

rotor  solidity,  ratio  of  the  total  blade  area  to  the  rotor 
disk  area 

flatwise  stress,  lb/ft^ 

1 

blade  azimuth  position,  positive  counterclockwise  referenced 
to  downstream  position,  deg 

rotor  rotational  speed,  rad/sec 

j 
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